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The e f f e c t  o f  v a r io u s  Lewis a c id s  on th e  d im e r i s a t io n  and p o ly m e r is a t io n  
o f  a rom atic  s u b s t r a t e s  has been i n v e s t i g a t e d .  In  th e  d im e r i s a t io n  o f  
1-e th o x y n a p h th a le n e ,  to  4 , 4 ' - d ie th o x y -1 , 1 ' - b in a p h th y l ,  i t  was found t h a t  
th e  c a t a l y s t  system f e r r i c  c h lo r id e  in  n i t ro b e n z e n e  r e s u l t e d  in  h ig h e r  
y i e l d s  th a n  any o th e r  c a t a l y s t  i n v e s t i g a t e d .  A v a r i e t y  o f  
nove l polym ers w ere p re p a re d  by a l lo w in g  d i f u n c t io n a l  s u b s t r a t e s ,  
c o n ta in in g  th e  1-n a p h th y l  e t h e r  group, to  r e a c t  w ith  f e r r i c  c h lo r id e  
i n  n i t ro b e n z e n e :
A s tudy  has  been made o f  th e  v a r i a t i o n  o f  p r o p e r t i e s  o f  a homologous 
s e r i e s  o f  po ly  (d in a p h th y l  a lk y le n e  e t h e r s ) :
w ith  th e  number o f  methylene groups in  th e  s t r u c t u r e  (m). M elt ing  
p o i n t s ,  melt v i s c o s i t i e s  and d e n s i t i e s .d e c r e a s e d ,  w h ile  impact s t r e n g t h  
in c re a s e d  w ith  m. The " z ig -z a g "  p a t t e r n  o f  change o f p r o p e r t i e s  w ith  
m d im in ished  a s  m in c re a s e d .
The d im e r i s a t io n  o f  1-e th o x y n a p h th a len e  has  a l s o  been s tu d ie d  
k i n e t i c a l l y .  I n i t i a l  r a t e s  o f  d isap p ea ran ce  o f  1-e th o x y n a p h th a le n e  and 
appearance o f  f e r r o u s  io n  were fo llow ed , and an i n i t i a l  r a t e  e q u a t io n  
d e r iv e d :
PhNO.
+ 2n FeCl2 + 2nHCl
7 \ >  0(CH ) 0 \ —/  2 m n
i n i t i a l  r a t e  ® kQ [ 1-e th o x y n a p h th a le n e ]^  [FeCl^]^
In  experim en ts  w ith  added hydrogen c h lo r id e ,  th e  i n i t i a l  r a t e  was found 
to  be in v e r s e l y  p r o p o r t i o n a l  to  th e  c o n c e n t r a t io n  o f  hydrogen c h l o r i d e .
When e i t h e r  1- e th o x y n a p h th a len e  o r  i t s  dim er i s  allow ed to  r e a c t  w ith  
f e r r i c  c h lo r id e  i n  n i t ro b e n z e n e ,  red  o r  g reen  co loured  s o lu t i o n s  a r e  
formed. As a r e s u l t  o f  a s p e c t ro s c o p ic  s tudy  o f  th e s e  s o lu t i o n s ,  i t  
was concluded t h a t  t h r e e  in t e r m e d ia te s  a re  invo lved  in  th e  d im e r i s a t i o n ,  
and t h a t  th e  red  s o lu t i o n s  c o n ta in  a param agen tic  s p e c ie s  t h a t  can be 
formed from b o th  s u b s t r a t e  and dim er.
A r e a c t io n  mechanism f o r  th e  d im e r i s a t io n  of  1- e th o x y n a p h th a le n e  by 
f e r r i c  c h lo r id e  in  n i t ro b e n z e n e  has been pu t forw ard; th e  mechanism 
in v o lv e s  two charge t r a n s f e r  complexes and a r a d i c a l  c a t io n  a s  i n t e r m e d ia te  
s p e c ie s .  However, i t  has  not proved p o s s ib le  to  confirm  t h i s  proposed  
mechanism th rough  th e  observed  k i n e t i c  d a ta .
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INTRODUCTION
CHAPTER 1 THE SYNTHESIS OF HIGH POLYMERS BY OXIDATIVE POLYARYLATION
Polymers have found a p lace in  many a p p lica tio n s because they are
ea sier  to  shape, have lower d e n s it ie s , higher stren gth  to  weight
r a t io s  and lower thermal and e le c tr ic a l  co n d u ctiv itie s  than other
1m ater ia ls . There i s  now a lso  a need, p a r ticu la r ly  in  aerospace
technology, for  polymers which combine th ese  p rop erties w ith the
0*
a b i l i t y  to  withstand temperatures o f  greater than 300 for  long  
periods, and even higher temperatures for S o r t e r  p eriods.
The thermally^ sta b le  polymers that have been synth esized  have
organic, inorganic, organom etallic and coordination s tru ctu res , and
3-6some o f  them do not degrade appreciably in  vacuo , or in  in e r t  
atmospheres, below 600°. Of these polymers the most commercially 
in te r e s t in g  are the arom atics, because they are gen era lly  prepared 
from the most rea d ily  a v a ila b le  m ater ia ls .
1.1  The Synthetic Routes to  Aromatic Polymers
The sim plest t o t a l ly  aromatic polymer i s  polyphenylene, which i s
7extremely r e s is ta n t  to  chemical and o x id a tive  a ttack  • The 
r ig id it y  o f  the structure makes the polymer in fu s ib le , in so lu b le  
and b r i t t le  so the in se r t io n  o f  groups such as  - 0 - ,  -S - ,  -S02-  
and -CHg- between the phenylene groups i s  necessary for greater  
f l e x ib i l i t y .  The in c lu s io n  o f  some groups however occurs a t the
expense o f  other p ro p erties , for example the -CH2-  group i s  su s-
8
cep tib le  to  ox id ation  and the -CQ-0- group to  h yd ro lysis  , under 
certa in  con d ition s.
A ll temperatures are in  degrees C elsiu s u n less  otherw ise s ta te d .
13
The structure o f  the polymer i s  in ferred  from the method o f  
preparation. Some o f  the more common aromatic polymers, and 
th e ir  methods o f  preparation are described in  the fo llow ing pages.
1 . 1.1 Poly(phenylenes)
9(a) The ox id ative  ca tio n ic  polym erisation o f  benzene
n ( o )  + 2nZ~H_7
A1C15 n
10(b) The dehydrogenation o f  p o ly-1 ,3-cyclo-hexad ien e
(c ) The Ullmamand W urtz-Fittig1 Coupling reaction s
121 .1 .2  Poly(phenylene ox id es)
(a) The Ullmann rea ction
R — ^n tt\KBr
KO ~ H )
(b) The ox id a tive  displacement o f  halogen
q  Br-^ ^ -QK +rvKBr
(c ) The ox id ative  coupling o f  phenols
CH _ J 3H3
a CS-°H £^ 7 t~0~ ° ~ r  +(vfH-7
\  \  n 
3 CH3
(d) The decomposition o f  diazoxides
< b Q — —>  +<vN2rv
1 .1 .3  Polyphenylene (sulphides and sulphones)
(a) N ucleophilic  condensation ^
n- K 0 \ W /S 0 2 \V ^ ;0 K  + a - C l S ^  SO^
16 17(b) E lec tro p h ilic  condensation ' 1
IV 0 ^ ) _S( C^1 I f S b  S02 "^;
1 .1 .4  P oly(benzyls) and p o ly (x y ly len es)
18(a) FriedA l-C rafts reactionI -
CH, CH, CH, CH,
\ - l  3 A1C1, ) t (  3
a ((3—c®?01 —» -HO)-®1? * ^ Hcl
CH_ CH- CH- CH
3 3 3 3
(b) P y ro ly sis  o f  p -xy ly len e1^
S0£ ^ - t n
+oHC1
15
20(c) The treatment o f  a -halogenated p-xylenes w ith strong bases ,
21or by e le c tr o ly s is  .
1 .1*5 Poly anhydrides, carbonates and e s ter s  
(a) Condensation reactions'*0 ’22»23*24,25
0  0 CH^
H02C - < D -  “ Z® + (CH3CO)2° - +  - ^ C ^ > C 0  ^  + )  = 0
OH
26■(b). T ra n sester if ica tio n
1 , 1 .6  Polyamides
(a) Condensation
A C10C C0C1 +rxMH2 - - - © - N E j }  -4 -  0C- ^  -CONH @  - NH ^ H C l
The conclusion to be drawn from an examination o f  these sy n th etic  
methods i s  th at most o f  them require su b stitu ted  monomers. The 
exception i s  the ox id ative  coupling rea ctio n , where only two hydrogen 
atoms are d isp laced and an ary l carbon -  a ry l carbon bond i s  formed, 
where unsubstitu ted  monomers are used. This process i s  in te r e s t in g  
commercially, because unsubstituted monomers are cheaper, and aca­
dem ically because the mechanism o f the reaction  i s  not w e ll under­
stood,,
1 .2  The R ela tive  S ta b il ity  o f  Aromatic Polymers 
The thermal s t a b i l i t y  o f  polymers depends on many fa c to rs  inclu d ing  
su b stitu en ts  and t e s t  methods. However, unsubstitu ted  stru ctures  
te s te d  in  the same manner can be compared and Table 1-1 shows the 
r e la t iv e  s t a b i l i t y  o f  aromatic polymers when heated in  a ir .
Table 1-1
The maximum temperature, in  a ir ,  th at aromatic polymers can su sta in  
without weight lo s s  for 1 hour.
Structure
-4 ~ ®
Tmax (° )  
>400
Reference
10
17
The polymers shown in  Table 1-1 are genera lly  more sta b le  than th e ir  
su b stitu ted  counterparts, as those w ith in -ch ain  groups lo o se  weight 
a t lower temperatures than poly-p-phenylene. So the d irect coup­
l in g  route to polymers i s  a lso  o f  in te r e s t  in  that such polymers 
may approach poly(phenylene) in  thermal s t a b i l i t y .
The ox id ative  coupling rea ctio n , for sy n th esisin g  poly-p-phenylene, 
i s  found under a v a r ie ty  o f  names such as the S ch o ll reaction  and 
02d.dative ca tio n ic  polym erisation . In th is  th e s is  i t  w i l l  be 
termed ”o x id ative  p o lyary la tion ”.
1 .3  The Scope and L im itations o f  O xidative P olyary la tion  
Although coupling reaction s may be interm olecular or in tra ­
m olecular, only the former i s  p o te n tia lly  polymer forming. The free  
energy (A G°) values o f  exam ples^ o f  both types o f  rea ction  
(1- 1 , 1- 2)
(1_1) 2<n> -^ ( l i q )
. n j \ _
< « >  Q -  ch2ch2 + H2 (sa s)
(c ry st) (c ry st)
A G° =-12 k ca l mol-1  
298 K
suggest that the interm olecular reaction  i s  unfavourable, compared 
to  the intram olecular rea ctio n , where there i s  a gain in  conjugational 
energy w ith the formation o f  a new aromatic r in g . The above v a lu es ,
+ H? A G° = 2 .2  k ca l mol-1
(cry st) 298 K
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however, become more favourable in  the presence o f  an oxidant ( 1~3 )-
(1-3) •o
^ G °  a  -5 2 .4  k c a l  mol" 1
298 tc
Most referen ces to  o x id a tive  p o lyary la tion  mention th e need for  
an oxidant, a s  w e ll a s  a c a ta ly s t .
34The S ch oll rea ction  has been reviewed by N enitzescu and Balaban 
who d iscu ss i t s  general scope. The conditions used are gen era lly  
more d ra stic  than in  F riecp l-C rafts r ea c tio n s . The c a ta ly s t , u su a lly  
aluminium or another m eta llic  ch lorid e , i s  used in  sto ich iom etric
or larger amounts. Although some rea c tio n s  are carried  out a t
o 35 3620-80  in  carbon disulphide or benzene the most usual method
i s  to  bake a powdered mixture o f  reagent and ca ta ly s t  a t 100-140°.
An oxidant, commonly oxygen, but sometimes nitrobenzene or manganese
37dioxide may a lso  be used. Schnabel has used cupric ch loride as  
both a c a ta ly s t  and an oxidant.
The S ch o ll reaction  i s  lim ited  in  three ways 1
(a) some groups do not to le r a te  F ried el-C rafts  c a ta ly s ts , p a r ti­
cu la r ly  a t the higher S ch oll rea ctio n  temperatures, and
•jrO
r e s u lt  in  complex mixtures .
+ £ ° 2 (ga + H20
( l iq )  (c r y st)  (gas)
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(b) the stru ctu re o f  the product cannot always be predicted  
as rearrangements or fissions may occur, or a lte r n a tiv e  
condensations may take p lace .
(c) in  interm olecular rea ctio n s the y ie ld s  are u su a lly  
low34 , because o f  competing rea ctio n s .
3 4
N enitzescu and Balaban d iscu ss two mechanisms for the Sch oll 
rea ctio n . The f i r s t  (1 -4 ) was an e le c tr o p h ilic  su b stitu tio n
R R
> Q - h + ® ~ e  — *• 
-2
o f  the aromatic compound by i t s  conjugate a c id , followed by de­
hydrogenation, However the only evidence th at was used to  support
i t  was th at protonic a c id s  alone are e f fe c t iv e  c a ta ly s ts  (fo r
39example 1 -naphthyl ethers are dim erised w ith benzene sulphom c 
a c id ) . Although rea ctio n s in  which only protonic a c id s  are used 
probably involve the i n i t i a l  protonation o f  the substrate  th is  
does not imply th at other mechanisms do not e x is t ,  e sp e c ia lly  under 
d ifferen t con d ition s.
2 0
The second mechanism (1 -5 ) in vo lves the rea ction  between a ra d ica l  
cation
( 1- 5 ) e  @  «
R R“' C ^ ~ t K = ^ ~ R
H
~ z  H ~ 7  ih O >- jO —  e
and the substrate follow ed by dehydrogenation. The evidence for
40a rad ica l ca tion  was supplied by Rooney and Pink who observed
electron  sp in  resonance s ig n a ls  from so lu tio n s  o f  anthracene and
chrysene w ith aluminium ch loride in  chloroform. N enitzescu and 
34Balaban did not accept t h is  mechanism for the fo llow ing  reasons:
(a) a protonic a c id  was necessary for rea c tio n . This was 
only true for one p a rticu lar  case, the intram olecular  
condensation o f  4 -m eth yl-2 ,2*-dinaphthyl ketone. And in  
fa c t other rea c tio n s, notably the dim erisation o f  1-eth oxy-  
naphthalene, proceed without a protonic a c id .
41(b) the S ch o ll reaction  has been carried  out in  hydrogen flu o r id e  ,
42in  which ra d ica l ion s are not formed .
(c ) dihydro interm ediates have been iso la te d  from some S ch o ll 
rea c tio n s, but the second mechanism does not include one.
However scheme (1-6)
H
in vo lves both a ra d ica l ca tio n ic  sp ec ie s  and a dihydro 
interm ediate and i s  ju st as p la u sib le  as ( 1- 5 )-
34The main fa u lt  with the arguments o f  N enitzescu and Balaban i s
that they have proposed a mechanism for a l l  cases o f  the S ch o ll hfiochots.
based on q u a lita tiv e  observations o f  random s p e c if ic  examples.
So, although an i n i t i a l  protonation step  may occur w ith protonic
ac id  c a ta ly s ts , there i s  s t i l l  the p o s s ib i l i t y  o f  an i n i t i a l
e lectron  tran sfer  step  w ith Lewis acid c a ta ly s ts , e sp e c ia lly  as
40paramagnetic sp ec ie s  have been observed both w ith Lewis ac id s
. 4 3and in  sulphuric ac id  .
1-4 O xidative P olyary lation  o f  Benzene 
4 4
Thomas reported the formation o f  ta r s  from benzene and F n e d e l-  
Crafts c a ta ly s ts  in  1890 , but the products were not in v e stig a te d . 
Kovacic4^14^’4''7’4  ^ and coworkers found th at a polymer was formed 
when an oxidant and co ca ta ly st were used, as w e ll a s  a Lewis a c id .
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46For example when fe r r ic  chloride was allowed to  react with
benzene the y ie ld  o f  s o lid  product was increased by adding
co ca ta ly sts  such as water, or hydrogen sulphide. This product
was however only id e n t if ie d  by i t s  carbon-to-hydrogen r a tio
4 9
which increased throughout the reaction  to  2 . 5 : 1 ,  and as the  
r a tio  for poly-p-phenylene i s  1 .$ : 1  more than two su b stitu tio n s  
a t each r in g  must have occurred.
Of the other c a ta ly st  systems (Table 1-2) used to  polym erise 
benzene the most stud ied  was aluminium ch loride w ith cupric 
ch lorid e , which gave the h igh est y e ild s  o f  an in so lu b le  and in ­
fu s ib le  product. X-ray diffraction photographs in d icated  th at 
the product was c r y s ta ll in e , UV spectra that i t  was branched, 
and IR spectra th at i t  was both low molecular weight and para- 
su b stitu ted . The carbon-to-hydrogen r a tio  (1 .4 5  to  1.55J1) 
was probably lower than in  the rea ctio n  with fe r r ic  ch loride  
because the reaction s tim es were lim ited  to 30 m inutes. A 
comprehensive a n a ly s is  o f  the product may have been om itted because 
o f  i t s  in s o lu b il i ty ,  or more p o ss ib ly  because the structure was 
too complex.
The data on rea ctio n  tim es, carbon-to-hydrogen r a t io s  and product 
analyses a l l  in d icated  that the rea ctio n  o f  benzene with th ese  
ca ta ly s ts  was not s p e c if ic :  that i s  there i s  com petition between
p a ra-su b stitu tion  and su b stitu tio n  in  other p o s it io n s  g iv in g  a 
branched, low molecular w eight, product.
Table 1-2 
The po lyary la tion  o f  benzene
C atalyst Co c a ta ly st Oxidant Reference
FeC l, k2q
HC1
H2S
FeCl ,
3 49-51
HOAc 52
EtN02
AC1-.
5
TiC l.4 55
■Aid-5
h2o e u d 2 46, 54
- CuCl2 55
HC1 ■ - 34
- N° 2 9
MoClc
5
H2° MoC1c
5 53
TiCl4
Kovacic has suggested4  ^ the fo llow ing mechanism ( 1- 7 ) for the 
polym erisation
(1-7) H20 + A1CX, s = =  H + (Ald,OH)
Oxidation + 4CuCl_—
+ 4CuCl + 4 HC1
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which i s  described as  an ox id ative  ca tio n ic  polym erisation . This 
scheme was based on the fo llow ing observations:
55(a) the rea ction  does not occur without a Lewis acid
(fo r  example w ith cupric ch loride a lo n e ). Kovacic suggests  
th at benzene th erefore behaves in  the same way as o le f in s ,  
th at i s  i t  forms an i n i t i a l  r e a c t iv e  ca tio n .
(b) the y ie ld  increased  w ith the ad d ition  o f  water , which 
suggested an i n i t i a l  protonation o f  benzene v ia  the  
equilibrium  ( 1- 8 )
( 1- 8 ) Ho0 + FeC l, x - = = =* H+ + (HOFeCl,)”
However, Kovacic a lso  showed th at the y ie ld  o f  polymer 
decreased when water was added to  an aluminium chloride  
cata lysed  polym erisation .
54(c ) the reaction  does not occur without an oxidant (fo r  
example w ith aluminium ch loride a lo n e ).
While t h is  evidence i s  a u se fu l b a s is  for the proposed mechanism 
i t  i s  unconfirmed. Not only k in e tic  and interm ediate a n a lyses, 
but a lso  more comprehensive a n a ly s is  o f  the product and the s t o i ­
chiometry o f  the rea ction  are required to  e ith er  su b stan tia te
52 56the scheme or to  contradict other schemes 1
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56Mano and A lves stud ied  the k in e t ic s  o f  polym erisation o f  benzene 
with aluminium ch loride and cupric ch lor id e , by measuring the 
ra tes  o f  formation o f  cuprous ion  and polymer. The authors claim  
th at the concentration o f  cuprous ion  d iffered  from that c a l­
cu lated  from the polymer y ie ld  (but th e ir  r e s u lt s  are not presented  
in  a form which makes th is  c lear) and consequently there was
an i n i t i a l  delay in  the formation o f  cuprous ion  compared to
56the formation o f  polymer. Mano and A lves proposed the fo llow ing  
mechanism ( 1- 9 ) to  exp lain  th e ir  data, in  which the i n i t i a l  coupling
(1 -9 )
(a)
(b) 
■(c)
(d)
(e)
AlCl^-CuClg
+ T V  +
• '  +  H
*  ^ * etc  
H
H
H
. . H CuClp
* H
H
H
—¥  etc
H
H
CuCl,
-H
n A1C1.
reaction s (b) or ( c ) ,  un like the dehydrogenation (e ) did not pro­
duce cuprous io n . However the only other evidence for t h is  mechanism 
i s  th at:
(a) the ra te  decreases in  cycldhexane and the presence o f
oxygen. However Mano and A lves' experiments demonstrating 
the change in  ra te  w ith so lven t are carried  out a t d if fe r e n t  
concentrations, and are th erefore m eaningless.
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(b) aluminium ch loride and cupric ch loride are complexed with  
benzene because: cupric ch loride i s  in so lu b le  in  benzene
but d is so lv e s  in  the presence o f  aluminium ch loride , 
benzene does not react with aluminium ch loride or cupric 
ch loride alone, uncomplexed cupric ch loride i s  a rad ica l 
acceptor. This evidence does suggest a complex between 
aluminium ch loride and cupric ch lorid e , but not n ecessa r ily  
with benzene as w e ll.
(c) the complex breaks down: to  g ive  ra d ica ls  because indene,
which does not polym erise in  the presence o f  free  r a d ic a ls ,
does not polym erise in  mixtures o f  aluminium ch loride
cupric ch loride and benzene as i t  does w ith aluminium
chloride a lone. This statement may contradict (b) in  th at
indene does not polym erise because aluminium i s  complexed,
57
not because ra d ica ls  are formed, as indene has been shown 
to polym erise with free  r a d ic a ls .
As the k in e t ic  experiments were not comprehensive enough to  
determine the order o f  reaction  with resp ect to  any reagent (and 
thus the nature o f  the ra te  determining s t e p ) , and as  the products 
were not analysed (so  the presence o f  dihydro or ra d ica l in te r ­
mediates and the stoichiom etry o f  the reaction  are unknown) 
the reaction  mechanism proposed by Mano and A lves i s  not supported 
by any su b sta n tia l experimental evidence.
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1 .5  O xidative P olyary la tion  o f  Aromatic Substrates
Other Than Benzene 
34 53 58-62Kovacic e t  a l  attempted to  polym erise other aromatic
compounds w ith the same c a ta ly s ts  used for benzene, but none 
o f  the products voas e ith er  o f  higher molecular weight or more 
e a s ily  id e n t if ie d .
63
Bilow and M iller syn th esised  so lu b le , fu s ib le , branched p o ly -  
phenylene r e s in s  from combinations o f  benzene, biphenyl, t e r -  
phenyls and 1 ,3 15 -triphenyl benzene w ith aluminium ch loride  and 
cupric ch lorid e , or, l e s s  e f f e c t iv e ly ,  fe r r ic  ch lor id e . The 
so lu b le  polymers, which were extracted  from the products w ith  
benzene/chlorobenzene m ixtures, melted a t 300-400° and had mole­
cular w eights o f  2000- 3000 . However, y ie ld s  were not quoted 
and the in so lu b le  fra c tio n s  were not id e n t if ie d .
Certain mixtures o f  sodium and potassium ch lorid es form a
e u tec tic  which m elts below 100° and d isso lv e s  fe r r ic  ch lor id e .
Packham 4^ used th is  system to  prepare a poly(chloronaphthalene)
which could be separated in to  a so lu b le  fra c tio n , w ith dp « 1 0 ,
and an in so lu b le  fra c tio n  th a t softened above 500°• Ostrum and 
. ' gc
Lawson  ^ used the same system to  polym erise triphenylene to  an 
in so lu b le  m aterial for which they claimed the structure:
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Bingham and E l l i s  polym erised some aromatic amines, for example 
diphenylamine was allow ed to  react w ith fe r r ic  ch loride to  y ie ld  
70$ o f  a green s o lid  which was in so lu b le  in  dimethyl formamide, 
softened  a t 80° ,  and was sta b le  in  a ir  up to 350° •
6?Shepard and Dannels make the most in te r e s t in g  o f  severa l other  
68 72claim s to  prepare aromatic polymers. In th e ir  experiments,
polymer was recovered from an e le c tr o ly t ic  c e l l  w ith an e le c tr o ­
ly te  o f  benzene and hydrofluoric a c id . The polymer, which con­
tained  oxygen and flu o r in e , was formed a t the in ter fa c e  o f  the  
benzene and hydrogen flu o rid e  la y ers  when the anode was p o sition ed
th ere , but not when the anode was immersed in  e ith er  o f  the la y e r s . 
67Shepard suggested th at the e le c tr o ly s is  involved the formation  
o f  a hydrogen fluoride-benzene complex a t the in ter fa c e , which 
e f fe c t iv e ly  reduced the e lec tro n  a f f in i t y  o f  f lu o r in e . The flu o r in e  
then lo s t  an e lectron  to  the anode and allow ed the benzene n u c le i to  
couple, with the elim in ation  o f  flu orin e  or hydrogen flu o r id e .
The oxidative, p o lyary la tion s d iscussed  in  th is  sec tio n  did not 
produce a high polymer and were not in v estig a ted  q u a n tita tiv e ly  so 
there i s  wide scope for further research.
1 .6  The S ch oll R eaction o f  1-Naphthyl Ethers 
The preceeding sec tio n s  have shown th at many o x id a tive  poly­
a ry la tion s use forcin g  conditions and/or g ive m ixtures o f  products. 
However, the S ch oll reaction s o f 1-naphthyl ethers (Table 1-3) 
were carried  out under mild conditions and gave iso m erica lly  pure 
products.
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Table 1-3
The Scholl"'* Reaction o f  RO v p /  With Various C ata lysts
o
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R C atalyst Solvent Temp Y ield  o f  
<°c ) ( ^ 0 ^ 2
Reference
methyl no2 -  . -20 20 73,74
»t Pb(OAo) 4 HOAc 23 30 75
»t HCO-H hco2h 40 70 76
ethyl w
red ucib le  compounds HOAc r e f lu x a 77,78
t»
Q  m 2 100 80 39
t» A1C1-3
< 0 > C 1 -20 53 79
»* A1C1-
3 Q  N02 25 70 8°
n propyl A1C1- + a n iso le  
3
It 25 88 81
n butyl i» II it 73 81
2 -e th y l phenyl it II u 45 81
phenyl n It it 30 81
a not quoted
8iClowes makes the . only claim for the formation o f  polymers by 
the Scholl rea ction  o f  naphthyl e th ers. He polym erised 1 ,2 -d i-  
1-naphthoxy ethane with aluminium ch loride and a n iso le  in  n itr o ­
benzene to a grey amorphous powder ( 80#) which, however, did not
©  g>|
analyse as (CppH^^Op)  ^ and decomposed a t 270-280 . Clowes 
a lso  polymerised di-1-naphthyl ether, in  the same system in  
96#  y ie ld , to  a product which decomposed a t  305- 310°* was so lu b le  
in  hot t e t r a l in  and nitrobenzene but contained 4 .4#  inorganic  
ash. This product had a low so lu tio n  v is c o s ity .
81Clowes a lso  suggested a ra d ica l ca tio n ic  mechanism for the 
S ch oll rea ction  o f  1-naphthyl ethers because:
(a) aluminium ch loride in  nitrobenzene was both a hydride ion  
acceptor (o x id is in g  9 110-dihydroanthracene to  anthracene) 
and an e lec tro n  abstractor (o x id is in g  iod id e  to  iod ine) 
and
(b) fe r r ic  ch loride or oxygen were not e f fe c t iv e  oxidants in  
the absence o f  nitrobenzene.
To Clowes (a) and (b) in d icated  th at m ixtures o f  su b strate , aluminium
chloride and nitrobenzene did not contain  a dihydro interm ediate,
a s  th is  would be ox id ised ; and th at as the dihydro-interm ediate
would have the structure
H
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which could only a r ise  from the attack  o f  a carbonium ion  on 
the substrate then carbonium ion s are not involved in  the rea ctio n  
and the r o le  o f  the oxidant i s  simply to  o x id ise  the substrate  
to  i t s  ra d ica l ion . However, a dihydro interm ediate with the  
fo llow ing structure
(or i t s  rad ica l cation) could be formed by a ttack  o f  a ra d ica l 
cation  on the su b strate . The r o le  o f  nitrobenzene may th erefore  
simply be to  so lv a te  the c a ta ly s t  and improve i t s  e lectron  a f f in i t y .
81Clowes a lso  suggested th at the S ch o ll reaction  o f  other compounds 
could involve an io n ic  sp ec ie s  and that the two types o f  mechanism 
are complementary. For example, s tron g .ac id s couple 1 ,2-dimethoxy 
benzene and 1 - ethoxynaphthalene, but aluminium ch loride and n itr o ­
benzene in  a n iso le  couple 1-ethoxy anphthalene but not 1 ,2 -d i-  
methoxy benzene. Mono and meta- su b stitu ted  ethers may react by 
a rad ica l ca tio n ic  route because the ra d ica l ca tion  o f  th e ir  
structure i s  not s ta b il is e d  by resonance w ith quinone s tr u c tu r es , 
as are the ortho and para-sub stitu ted  eth ers,
H
EtO OEt
& 6r OR
❖ etc
OR OR OR
and i s  th erefore r e a c tiv e . Conversely ortho and para- su b stitu ted  
ethers may react by an io n ic  route, because the ca tion  i s  r e a c t iv e .
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The Sch oll rea ction  o f  1-naphthyl ethers i s  a promising area  
for further research because the conditions employed are m ild, 
the products obtained are iso m erica lly  pure and yet the mechanism 
has not been in v estig a ted  using q u an tita tive  methods.
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CHAPTER 2 SOME PROPERTIES OF HIGH POLYMERS AND THEIR 
RELATIONSHIP TO STRUCTURE
A high polymer may be characterised  by i t s  molecular stru ctu re, 
and by i t s  p h ysica l p ro p erties . The molecular stru ctu res o f  the  
polymers d iscussed  in  th is  th e s is  were stud ied  by a combination 
o f  techniques such a s , in fra -red  and nuclear magnetic spectroscopy, 
osmometry and x-ray d iffraction . The p h ysica l p rop erties
o f  some o f  the polymers th a t were measured included m elting p o in ts , 
d e n s it ie s , impact stren gths and melt v i s c o s i t i e s .
2.1 C ry sta llin e  M elting Point and G lass T ran sition  Temperature 
The g la ss  tr a n s it io n  temperature (Tg) o f  an amorphous polymer 
determines whether the m aterial i s  a hard s o lid  or an elastomer 
a t the temperature o f  i t s  environment, and a t which temperature 
th is  behaviour changes. For example, a t room temperature p o ly (styren e)
(Tg m 100°) i s  a hard s o l id ,  whereas poly  (v in y l a ce ta te ) (Tg m 22°) 
i s  an elastom er.
There are a number o f  methods o f  measuring Tg, a l l  depending on the
32change in  a p h ysica l parameter such as s p e c if ic  volume w ith temperature . 
The Tg i s  the poin t a t which the v a r ia tio n  o f  the property w ith  
temperature changes.
07 , . .
Hayes has derived an em pirical re la tio n sh ip  between Tg, molar 
cohesion (He) and polymer structure (2 -1 ) .
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(2 -1 ) H a  0 .5n  R Tg + Cc
in  which the value o f  n was derived from assumptions about the  
e ffe c t  o f  molecular structure on r o ta tio n a l energy. Values o f  Hc 
and n, for various polymers (Table 2-1) were in  good agreement 
w ith the measured values for a range o f  copoly e s te r s .
Table 2-1
Molar cohesions (Hc ) ,  structure fa c to rs  (n) and g la ss  tr a n s it io n
■ 83temperatures (Tg) o f  some polymers
Polymer Tg
(K)
H
(c a l)
n
natural rubber 200 4620 27
poly isobutylene 199 3750 22
polystyrene 381 8090 23
poly v in y l ch loride 348 5380 16
poly  methyl acry la te 273 7380 31
p olyeth yl acry la te 248 8210 39
poly  propyl a cry la te 225 9200 47
poly  b u tyl a cry la te 203 10190 55
polyethylene a dipate 202 12940 72
The c r y s ta ll in e  m elting poin t (Tm) in  p a r t ia l ly  c r y s ta ll in e  polymers 
i s  the temperature a t which the la s t  tra ces  o f  c r y s ta l l in ity  
disappear, under equilibrium  con d ition s. I t  can be simply measured 
w ith a hot stage microscope but i s  more u su a lly , and more accu rately
84measured by d if fe r e n t ia l  thermal a n a ly s is  (DTA) or d if fe r e n t ia l  
scanning calorim etry (DSC). In  DTA the sample i s  heated s id e  by
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sid e  with an in e r t  referen ce m ateria l, a t a uniform r a te , and the  
temperature d ifferen ce  between them i s  measured as a function  o f  
temperature. The main advantage DTA has over other methods i s  
th at heats o f  transform ation can be measured q u a n tita tiv e ly , a s  
w ell as rap id ly . Comparative measurements should be made on 
annealed samples a s  Tm in creases w ith the degree o f  c r y s t a l l in i t y .
S tructural parameters th a t a f f e c t  Tm and c r y s ta l l in i ty ,  such as
85chain s t i f f n e s s ,  p o la r ity  and symmetry a lso  a f f e c t  Tg. Beaman 
has derived an em pirical re la tio n sh ip  :
Tg ® 2 /3  Tm
Which a p p lie s  to  many polymers (examples appear in  Table 2 -2 ) .  
Exceptions to  the ru le  (marked * in  Table 2 -2 ) are those polymers 
where the su b stitu en ts  along the chain appear in  p a ir s , and for  
th ese  the re la tio n sh ip
Tg *s 1 /2  Tm
a p p lie s .
For most p a r t ia l ly  c r y s ta ll in e  polymers the p r a c tic a l upper use
28temperature i s  Tm, but in  some ca ses , such a s  aromatic polyamides , 
decomposition occurs before m elting.
Table 2-2
85The re la tio n sh ip  between Tg and Tm for some high polymers ^
Polymer Tg Tm Tg/Dm
(K) (K)
Polydim ethylsiloxane 150 215 0 .7 0
natural rubber 200 300 " O.6 7
polyethylene adipate 203 323 O.6 3
polyethylene* 215 406 0 .53
polytetram ethylene sebacate 216 337 0.64
polyvinylidene fluoride* 255 520 0 .49
poly  E- amino capramide 323 498 O.6 5
polyhexamethylene adipate 323 538 0 .6 0
polyethylene terephthalafae 353 543 O.6 5
* exceptions to  ru le  (see  te x t)
2 .2  Thermal S ta b il ity
The thermal s t a b i l i t y  o f  a polymer depends not on ly  on i t s  m olecular 
11 86structure ’ but a lso  on stru ctu ra l abnorm alities, such as  
branching, the nature o f  end groups, the presence o f  im p u rities , 
such as  c a ta ly s t  res id u es , and p h ysica l c h a r a c te r is t ic s , such as  
molecular w eight. So the s t a b i l i t y  o f  model compounds, which can 
be made much purer than polymers, should be trea ted  as on ly  a guide 
to  polymer s t a b i l i t y .
The thermal s t a b i l i t y  o f  a polymer may be expressed e ith er  by a  
maximum use temperature or by a maximum time a t  a given temperature.
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For example polystyrene cannot be used above 100° because i t  so fte n s , 
but p o lysiloxan e may be used a t  250° for 1000 hours, or a t 180° for  
10 years, a fte r  which i t  s ta r ts  to decompose and develops cracks.
87Thermo gravim etric a n a ly s is  (TGA) i s  a u se fu l method for study­
in g  polymers a t high temperatures. The weight lo s s  o f  a specimen 
i s  monitored as  the temperature i s  varied under a v a r ie ty  o f  
conditions such as: isotherm ally , or a t  a s e t  heating  r a te ,
Under vacuum, or in  in e r t  atmospheres, or in  a ir .  Each method can 
give d ifferen t r e s u lt s ;  for example when a polymer i s  heated in  
a gas the d iffu s io n  o f  v o la t i le  products i s  retarded, w ith resp ect  
to  heating  in  vacuo, and the v o la t i le  products may undergo second­
ary rea c tio n s.
88Madorsky compared the s t a b i l i t i e s  o f  some polymers by heating  
samples o f  each a t a fix ed  ra te  and noting the temperature a t  which 
50$ weight lo s s  occurred, which he termed Th the polymer h a lf  
l i f e .  The r e s u lt s ,  summarised in  Table 2-3* show a number o f  trends  
o f  s t a b i l i t y  w ith structure:
(a) unsubstituted  chains are more s ta b le  than su b stitu ted  ones, 
contrast polyethylene (T^ s  404°) w ith polystyrene (T^ 8*364° )  
and polypropylene (T^ « 387° ) •  An exception  to t h is  ru le
i s  the complete replacement o f  hydrogen atoms by flu o r in e , 
e .g .  p o ly tetraflu oroeth y len e (T^ m 509° ) •
(b) in  chain phenylene groups increase the s t a b i l i t y ,  contrast 
p oly -p -xy iy ien e (T^ «■ 432°) w ith polyethylene (T^ * 4 0 4 °).
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(c ) s t a b i l i t y  in creases w ith molecular w eight, contrast the two 
samples o f  polym ethylm ethacrylate.
(d) cro sslin k in g  in crea ses  s t a b i l i t y ,  contrast polystyrene  
(T^ sa 364° )  w ith polydivinylbenzene (T^ ss 399°)•
Table 2-3
The temperature a t  which 50^ weight lo s s  occurs for some
88 o 1polymers when heated in  vacuo a t  10 min~
Polymer Th
C°)
polymethylmethacrylate 283
(M > 1 .5  x  105 )
poly-dC -m ethylstyrene 287
polymethylmethacrylate 327
(M a 5.1 X 105)
polym ethylacrylate 328
polystyrene 364
p olych lorotriflu oroeth y len e 380
polypropylene 387
p o lyv in y lflu orid e 389
p olyd iv in y l benzene 399
polyethylene 406
polybenzyl 430
p oly -p -xy ly len e 432
poly tetraflu oroeth y len e 309
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As w ell a s studying the temperature a t  which polymers degrade,
89the nature o f  the decomposition products have been studied
to e s ta b lish  the mechanism o f  breakdown. V o la tile  products
have been continuously analysed by in fra -red  and mass sp ectro-
90scopy. There are three types o f  p y ro ly tic  rea ctio n  mechanisms, 
each characterised  by e ith er  d iffe re n t ra te s  o f  lo s s  o f  
v o la t i le s  on h eatin g , or by d ifferen t types o f  v o la t i le  components. 
The f i r s t  typejdepolym arisation to  monomer, produces high y ie ld s  
o f  monomer without an abrupt i n i t i a l  decrease in  molecular 
w eight. This type o f  degradation has been in h ib ited  by in tro ­
ducing b locking groups a t  chain ends, for example the s t a b i l i t y  
o f  polyoxymethylene was improved by end capping w ith ether or 
e ster  groups. The second type, random chain s c is s io n , i s  
characterised  by the lo s s  o f  a range o f  fragments other than monomer.
The la s t  typ e, lo s s  o f  v o la t i le  products without i n i t i a l  main
91chain s c is s io n , i s  ty p if ie d  by p o lyv in y lch lorid e  which i n i t i a l l y  
Closes hydrogen ch lo r id e .
Other methods o f  studying thermal decomposition, although more
u su a lly  app lied  to polymer ch aracter isa tion , are p y ro ly s is  gas
92 93 94chromatography and p y ro ly s is  mass spectroscopy . Hirch
has compared the thermal s t a b i l i t i e s  o f  some model compounds, 
r e la ted  to polymers, by comparing the per cent p y ro ly s is  a t  given  
temperatures. The data, summarised in  Table 2 -4 , showed a d if fe r e n t  
order for the compounds compared to order o f  s t a b i l i t y  o f  th e ir  
resp ectiv e  polymers. This i s  a good i l lu s t r a t io n  o f  the u n re lia ­
b i l i t y  o f  model compounds, which can be obtained im purity-free more 
e a s i ly  than polymers, a s  a guide to  polymer s t a b i l i t y .
Table 2-4  
94The r e la t iv e  thermal s t a b i l i t i e s  o f  some model compounds re la ted  
to  polymers, by p y ro ly s is  gas chromatography
compound p y ro ly s is
temperature
C c )
p y ro ly s is
m
benzanilide 750 72
s tilb e n e ii 45
triphenylamirie tt 14
diphenyl ether 870a 83
benzophenone ii 72
diphenylamine ii 54
diphenylmethane it 38
biphenyl it 35
naphthalene ti 29
pyridine ii 6
benzene ti : 5 .
a n e g lig ib le  % p y ro ly s is  a t the lower 
temperature
2*3 Mechanical P roperties
The magnitude o f  any mechanical property o f  a polymer i s  an in d ic a tio n  
o f  how i t  w i l l  behave when subjected to  mechanical s tr e s se s  such as  
ten sion , shear, to rs io n , compression and impact« The p rec ise  
determ ination o f  mechanical p rop erties requ ires samples th at are  
free  from d efec ts  or flaw s, such as  voids or cracks, th at could  
a ct as s tr e s s  concentrators,but because flaw  free  samples are d i f f i c u l t  
to  prepare i t  i s  usual to  average t e s t  r e s u lt s  over a number o f
41
samples. T ests are a lso  carried  out under standard conditions  
o f  temperature and humidity.
Perhaps the most important requirement o f  polymers in  mechanical
95 96ap p lica tio n s i s  toughness, or res is ta n ce  to  impact . Impact 
te s t in g  can be carried  out w ith pendula, as in  the Izod and Charpy 
t e s t s ,  w ith fa l l in g  w eights, and with high-speied s tr e s s - s tr a in  
instrum ents. These t e s t s  do not measure the true energy required  
to  fracture the specimen, but rather the sum o f the energies  
required tos in i t ia t e  a fracture crack, propagate the crack 
through the specimen, permanently deform the specimen, and throw 
the broken ends. However, sim ple t e s t s  under standard con d ition s, 
such as the Charpy t e s t ,  are s t i l l  u se fu l for comparative purposes.
In a Charpy impact t e s t  a bar shaped sample (cro ss  sec tio n a l  
area a) i s  supported a t each end and struck in  the middle by a 
pendulum (weight w ). The d istance o f  tr a v e l o f  the pendulum 
(d) i s  used to  ca lcu la te  the impact strength  (2 -2 ) .
w cl(2 -2 ) impact strength  «
a
The impact strength o f  amorphous polymers u su a lly  in creases w ith
9 7
molecular w eight, a s  shown in  Table 2-5 for polystyrene , up to  
some lim it in g  va lue. So, to  compare two samples they need not 
be o f  the same molecular weight but should both have molecular 
w eights above th e ir  resp ectiv e  lim it in g  v a lu es. An added compli­
ca tion  for c r y s ta llin e  polymers i s  the v a r ia tio n  o f  impact 
strength  with degree o f  c r y s ta l l in i ty ,  a s  shown in  Table 2 -6  for
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. .  986,10 nylon • This problem can be overcome by inducing the same 
degree o f  c r y s ta l l in ity  in  each sample, by annealing under the same 
con d ition s. For a p a rticu la r  polymer, r e la t iv e  degrees o f  crysta ­
l l i n i t y  can be estim ated by measuring d e n s it ie s .
Table 2-5
The v a r ia tio n s o f  unnotched impact stren gth  w ith molecular w eight,
97for polystyrene
Mw Impact Strength
(x  10-5) ( f t  lb  in “2)
11 
31 
42 
46 
45
Table 2-6
The v a r ia tio n  o f  unnotched impact strength  w ith degree o f  c r y s t a l l in i t y
v  98 —for 6 ,10 nylon w ith Mn *s 12,200
C r y sta llin ity  Impact Strength
{%) ( f t  lb  in -2 )
16.1 136
24.6 116
32 .3 96
40 .2 32
The va r ia tio n  o f  impact strength  with s iz e  and type o f  notch
96has been used to  c la s s i f y  polymers in to  four main groups :
1 .2
1 .9
.2 .7
3 .4
4 .0
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(a) b r i t t l e  when imnotched e .g . polystyrene
(b) b r i t t l e  when bluntly notched e .g . polypropylene
■(c) b r i t t l e  when sharply notched e .g .  high d en sity  
polyethylene
f :
(d) tough when sharply notched e .g . low d en sity  polyethylene
Structural fa c to rs  which a f f e c t  impact strength  are sim ilar to
9 9
those th at a f f e c t  Tg , and are re la ted  to the f l e x i b i l i t y  o f  
polymer chains. However, improvements in  some p ro p erties, w ith  
stru ctu ra l change, may be a t the expense o f  other p ro p erties .
For example, because low den sity  polyethylene i s  branched"^  
i t  i s  l e s s  c r y s ta ll in e  than high den sity  polyethylene (w ith l e s s  
than one s id e  chain per 200 main chain carbon atoms) and the  
d ifferen ces  in  p rop erties between the two polymers are a ttr ib u ted  
to  th is  d ifferen ce  in  c r y s t a l l in i t y .  But, w hile  high den sity  
polyethylene has the higher te n s i le  stren gth , hardness and m elting  
point i t  has the lower impact strength  and! sh i perm eability  
to  gases and liq u id s .
2 .4  Flow P roperties
Most polymers are shaped by some technique which depends on m olten, 
or so lu tio n , behaviour and the ease o f  fa b rica tio n  may w e ll depend 
on the melt v is c o s ity . Of a l l  the methods o f  measuring melt 
v is c o s ity  that using a metal ca p illa ry  viscom eter, equipped w ith  
a method o f  varying th e shear r a te , i s  probably th e  sim plest and 
most v e r s a t i le .
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The melt v is c o s ity  has been derived from the fo llow ing: when a
force per u n it a rea (s) causes a layer o f  l iq u id  a t a d istan ce (x)
from a f ix e d  boundary w all to  move with a v e lo c ity  ( v ) , the
v is c o s ity  (<vp i s  defined as the r a tio  between th e shear s tr e s s
(s )  and the v e lo c ity  gradient dv (or ra te  o f  shear y )
dx
i . e .  s  oi „  dv m fnT
1 dx *
I f  T) i s  independent o f  th e ra te  o f  shear th e l iq u id  i s  sa id  to  be 
9 4
Newtonian , or to  exh ib it id e a l flow  behaviour.
The dominant factor a f fe c t in g  ."iq i s  molecular w eight, for w h ile
97p rop erties such as Tg and impact strength  reach a . l im it in g  value  
w ith in creasin g  molecular weight the m elt v is c o s i ty  keeps on in crea sin g . 
A p a rticu lar  polymer, th erefore , has a lim ite d  molecular weight 
range for most a p p lic a tio n s , the lower end o f  which i s  s e t  by minimum 
strength requirements and the upper end by maximum melt v i s c o s i t y .
Fox^^ has derived an expression r e la t in g  m elt v is c o s ity  ( rr)) to  th e  
weight average chain len gth  (Zw) :
lo g  nq m 3*4 lo g  Zw + k 
where k i s  temperature dependent. This equation i s  v a lid  when 
the shear s tr e s s  i s  low enough that the v is c o s ity  i s  Newtonian, 
and when Zw i s  above a c r i t i c a l  value Zc. When the chain len gth  
i s  below Zc the v is c o s ity  depends on a power o f  Zw between 1 .5  
and 2 .0 , over which range shear ra te  has l i t t l e  e f fe c t  on v is c o s i t y .
The change in  dependence o f  v is c o s ity  on molecular weight i s
99abrupt, as shown in  Figure 2-1 for p o ly ( decamethylene a d ip a te r  , 
and i s  predicted  to  occur a t the point where entanglement o f  
polymer chains b eg in s^ ^ .
FIGURE 2-1 The v a r ia tio n  o f  melt v is c o s ity  (* \)  w ith the weight average
" .....  j " ' chain W  -•; ; j
log  15tf
DISCUSSION OF RESULTS
CHAPTER 3 A STUDY OF THE OXIDATIVE POLYARYLATION 
OF NAPHTHYL ETHERS
3.1 Prelim inary Experiments
The main areas o f  research d iscussed  in  Chapter 1 were used as  
a s ta r tin g  poin t for an in v e s tig a tio n  o f  p o te n tia l c a ta ly s ts  and 
monomers for ox id ative  p o lyary la tion . Early experiments were 
conducted with a view to  find ing a narrower area o f  research w ith in  
the broad scope mentioned and so product analyses were confined  
to  those experiments in  which polymer had apparently been formed.
A simple t e s t  o f  polymer formation was to  pour the rea ction  mix­
ture in to  methanol; a p r e c ip ita te  was in v estig a ted  further  
w hile a so lu tio n  was abandoned. 4 ,4* -d ieth o x y -1,1*-binaphthyl was 
only  0 .1 #  so lu b le  in  th ese  20 v /v$  m ixtures o f  n itrobenzene/ 
methanol and so such a p r e c ip ita tio n  was a lso  u sed  to  estim ate the  
amount o f  d im erisation in  experiments w ith  1-ethoxynaphthalene.
Several aromatic su b strates (Table 3-1) were allow ed to  react w ith  
cupric ch loride and various Lewis a c id s , as in  th e preferred  
system o f  K o v a c ic^ " ^ , and the only methanol in so lu b le  products 
were recovered from the reaction s w ith diphenyl ether and 1 ,3 - d i  
- 1-n a p h th o x y p ro p a n e . That from diphenyl ether was a  aomplex mixture 
contaminated w ith inorganic m ateria l, but th at from 1 ,3 -d i-1 -  
naphthoxypropane gave a so lu b le  ( /  1^^-dichlorobenzene ^ .0 ? )
and fu s ib le  polymer.
Table 3-1
The Reaction o f  Aromatic Substrates with Cupric Chloride and 
Various C ata lysts
C atalyst Solvent ) {mol/mol monomer)
1 ,3 -d i-1  -naphthoxy FeCl-3
PhN02 25 1 .5
propane none h it 1 .8
benzene A1C1_3 o-PhCl2 25,75 0 .2 5
biphenyl A1C1_
3
melt 120 0 .1 7
diphenyl ether A1C1-
, 5
o-PhCl2 25,75 0 .6  -  1 .9
1 ,3-diphenoxy A i c i3 PhN02 25 0
propane
II PdC12 \SbCl^
Pb(OAC)
\
\
SnCl 
WC16
MoCl^ I
i
CrOCl,3
CrCl- 
3
FeCl- 3
2ET 0 |
When the same su b strates were allow ed to react w ith aluminium 
ch loride in  nitrobenzene, a system which gave up to 8($> y ie ld s
80o f  dimer w ith 1 -ethoxy naphthalene , only 1 ,3-di~1-naphthoxy  
propane gave a methanol in so lu b le  product. A polymer w ith
CRV] 1* orthodicfilorobenzene
25° = 0 .45
1-Ethoxynaphthalene was allowed to  react w ith a v a r ie ty  o f  c a ta ly s ts  
(Table 3 -2) and the y ie ld s  o f  4 ,4 , -d ie th o x y -1 ,1 *-binaphthyl were 
compared. Only fe r r ic  ch loride in  nitrobenzene and dichloroethane  
gave higher y ie ld s  than aluminium ch loride in  nitrobenzene. N itro­
benzene was preferred a s  so lven t because fe r r ic  ch loride i s  more 
so lu b le  in  i t  than in  dichloro ethane, and because dichloro ethane 
evaporated under a fa s t  stream o f  n itrogen .
A v a r ie ty  o f  su b strates were now allow ed to  react with fe r r ic  ch lorid e  
in  nitrobenzene (Table 3-3) a s  t h is  was the b est system found.
The only  compounds o f  those se le c te d  that formed polymer were those  
1-naphthyl ethers without h igh ly  polar groups, such as -SO2-  or 
-NHC0-.1- and 2- su b stitu ted  naphthyl groups reacted  d if fe r e n t ly  
in  th a t, w hile both 1- and 2- naphthols dim erised, only the 1 -  
su b stitu ted  eth y l ether did . This i s  perhaps due to  the e f f e c t  
o f  s te r ic  compression between eth y l groups in  the A  -p o s it io n  in  
the dimer
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Table 3-2
The Reaction o f  Various C ata lysts with 1-Ethoxynaphthalene a t 25°
y ie ld  o f  HC1 y ie ld  o f  dimer
C atalyst Solvent (mol/mol su b strate) (%)
A1C1,
p
PhN02 0.29 72
A1C1, (0 .1  mol) 
P
it 0 .12 3°
AlCl3/ 0 2 none 0.01 none
AiCl,/CuCln 5 2 none 0 .0 6 none
F ed -.P
PhN02 0.67 86
FeC l,
p
o-PhCl2 0 .5 38
FeCl3/ 0 2 o-PhCl2 0 .2 8 28
FeCl^/Pyridine o-PhCl2 - 21
FeC l^/Pyridine/02 it - 17
FeC l,P
PhCl 0 .2 2 24
FeCl,
P
PhH 0.49 50
FeCl,
p
cich2ch2c i 0 .9 0 80
C P j C O ^ - none
CF-OOJIP 2 PhN02 0 .32 none
BF_.2EtO  
P 2
CF^CO^ - none
SbCl_
p
PhN02 1.33 25
Table 3-3
The Reaction o f  Various Substrates w ith Ferric Chloride in  
Nitrobenzene a t 25°
Substrate y ie ld  o f  HC1 y ie ld  o f  methanol
(mol/mol monomer) in so lu b le  product
« )
0 .6 2  30
1.26  20
diphenylether
1 .3-diphenoxypropane
1 .3 - di(4-phenyl phenoxy) 
propane
diphenyl sulphide 
tr a n s-s tilb en e  
diphenylamine 
dibenzofuran  
1 -phenoxynaphthalene
1 -naphthylphenylamine 
1 ,8  di-1-naphthyl 
sebacamide
4 ,4  *-di-1-naphthoxy  
diphenyl sulphone
di-1-naphthyl ether
1 .3 -d i - 1-naphthdxy 
propane
2 .16  80
0 .4  0
0 .5  0
50
1.1  0
0.8 <0 0
0 .9  0
0 90$ (monomer)
O.8 3  R V «0.08
2.0  1 .3
2 .0  RV.4 11.9
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which would be l e s s  for hydroxyl groups. S ter ic  compression may 
s im ila r ly  exp la in  why 1-ethoxynaphthalene couples in  only the 4 -  
p o s it io n , whereas 1-naphthol couples in  both the 2 - and 4 -p o s it io n s .
Although naphthyl ethers were o x id a tiv e ly  coupled, to  e ith er  dimers
or polymers, the corresponding phenyl ethers e ith er  did not rea c t
or gave complex products. Thus, 1 -phenoxynaphthalene coupled a t  the
naphthalene r in g  on ly . The phenyl ethers are gen erally  l e s s  r ea c tiv e
than the naphthyl eth ers, shown by the higher temperatures required
to give the same y ie ld  o f  hydrogen ch lor id e , which may be due to
103the higher oxidation  p o ten tia l o f  the phenyl r in g  compared to  the  
naphthyl r in g .
The products o f  reaction s o f  phenyl ethers were complex, which i s
in d ic a tiv e  o f  m u ltisu b stitu tio n . The lack  o f  s p e c if ic i t y  o f  the
phenyl, compared to  the 1-naphthyl group, may be explained by the number
and type o f  p o s it io n s  a v a ila b le  for su b stitu tio n . In 1-naphthyl
ethers the only  a c tiv a ted  and uncrowded p o s it io n  i s  th e 4 -p o s it io n  which,
when i t  i s  su b stitu ted , does not promote further su b stitu tio n  in  the
rin g  because o f  the lack  o f  conjugation between the two r in g s , caused
by th e ir  non-coplanarity. However in  phenyl ethers the 2 - , 4 - and 6-
p o s it io n s  are a v a ila b le  and, a s each i s  su b stitu ted , the in crease  in
104conjugation makes further su b stitu tio n  in  the same r in g  favourable •
These experiments th erefore in d ica te  th at the scope o f  ox id a tive  
p o lyary la tion , e sp e c ia lly  w ith fe r r ic  ch loride in  nitrobenzene, i s  
lim ited  to naphthyl e th ers. Various naphthyl ethers were reacted  w ith  
fe r r ic  ch loride in  nitrobenzene and the p rop erties o f  the polymers 
were stud ied  and compared to th e ir  s tru ctu res .
3*2 The Preparation o f  a Homologous S er ie s  o f  Poly(Dinaphthyl 
Alkylene Ethers)
Although a s e r ie s  o f  polymers o f  structure (I )  w ith m » 2 ,3 ,4 ,5 ,6 i7» 
10 and 12
I
were prepared by allow ing monomers o f  structure ( I I )  to  react w ith  
fe r r ic  ch loride
I I
in  nitrobenzene the rea ction  conditions were estab lish ed  by experiments 
on only  I I  m * 3* The other monomers were assumed to  react in  the same 
way, and so the optimum conditions found for I I  m « 3 were app lied  to  
the other monomers. The p rop erties o f  t h is  s e r ie s  o f  polymers are  
discussed  in  Chapter 4 .
3 .2 .1  The preparation o f  monomers 
oC ,w Di-1-naphthoxy alkanes ( I I )  were prepared by n u cleo p h ilic  d is ­
placement rea ctio n s o f  the halogens in  o t  , w dihaloalkanes by potassium  
1-naphthate (Table 3 -4 ) . Generally the sm aller the value o f  m the  
more forcing were the conditions necessary for complete rea c tio n .
3 .2 .2  The preparation o f  so lu b le  polymers 
The optimum polym erisation conditions o f  1 ,3-di-1-naphthoxypropane were 
in v estig a ted  by the experiments summarised in  Table 3-5  which show th a t:
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Table > 4
The Preparation o f  «c ,w-di-1-naphthoxy alkanes ( I I )
m Solvent
Reaction  
Temp Time
n  (h>
Base
Consumed
m
Y ielda
m f t
1 DMSO 120 1 100 64 104- 105 .5
2 n 110 17 100 29 133-I34b
3 tt 100 18 98 : 71 101- 10 2 .5
4 ethanol r e flu x 2 97 68 123-124
5 DMSO 75 2 100 74 80- 81c
6 I! 100 1 100 52 111- 112 .5
7 DMF 6o 2 100 39 98-99
10 DMF 75 1 99 91 79 . 5- 8 0 .5
12 DMSO 85 4 98 35 69-70
a a fte r  one c r y s ta ll i s a t io n  
b l i t .  value81 nip & 129-131° 
c l i t .  value1 ^  mp s  80~81°
Table 3-5
The V ariation  in  Polym erisation Conditions o f  1 ,3-di~1~Naphthoxy Propane 
with F erric  Chloride in  Nitrobenzene (a t  23° under nitrogen)
Scale  
(mol. monomer)
Excess FeCl^ 
(mol %)
HC1
(Mol/mol monomer)
Time
(h) RV*
0.025b 25 - 17 0 .37
0*02 25 1.90 22 11.09
0.04 25 1 .8 6 18 2 .52
0 .0 8 25 1 .8 2 18 0 .6 0
0 .02 10 1.92 22 2 .60
0 .02° 10 - 17 0 .64
0 .20 10 1.38 6 0 .5 0
0 .20 10 1.64 23 1 .15
a in  1 -  chloronaphthalene a t 25° 
b the only experiment where a stream o f  n itrogen  
was not blown through the apparatus 
c the only un stirred  experiment
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(a) A stream o f  nitrogen blown over the surface o f  the rea ctin g  
so lu tio n  in creases the reduced v is c o s ity  o f  the polymers, 
compared to  a rea ctio n  under a s t a t ic  n itrogen  atmosphere.
The reduced v is c o s ity  was a lso  lowered by blowing a ir  over 
the so lu tio n  in stead  o f  n itrogen . The nitrogen thus has 
the dual function  o f  removing a ir  and hydrogen chloride  
(which w i l l  be shown to  adversely  a f fe c t  the ra te  o f  rea ctio n  
p 'te  ) .
(b) S t irr in g  i s  necessary, probably a lso  because i t  a s s i s t s  
the removal o f  hydrogen ch lo r id e .
(c ) The maximum reduced v is c o s ity  was achieved w ith rea ctio n  tim es 
o f  6~17h.
(d) The maximum reduced v is c o s ity  was a tta in ed  w ith a 25 mol % 
excess o f  fe r r ic  ch lorid e , which probably compensates for the  
water in  the so lven t as when water was added to  the c a ta ly s ts
the reduced v is c o s ity  was reduced. This i s  contrary to  the
55evidence o f  Kovacic .
(e ) Higher reduced v i s c o s i t ie s  were a tta in ed  on the sm aller s c a le .  
This may be due to  the lower su rf ace-to-volum e r a tio  in  la rg er  
sca le  experiments and the consequent lower ra te  o f  removal o f  
hydrogen ch lor id e .
The ra te  o f  rea ctio n  was a lso  shown to  increase w ith  temperature, 
but a t temperatures above 25° the products were darker in  colour, 
probably because o f  s id e  reactions#
The stoichiom etry o f  the rea ctio n  was esta b lish ed  (pVto) by product
+ 2n FeCl- + 2nHCl
The k in e t ic  form o f  the polym erisation was studied  by measuring the
constant the polym erisation was assumed to  fo llow  step-growth k in e t ic s .
m ai 5»7i10 and 12 in  the s e r ie s .
3«2.3 The preparation o f  in so lu b le  polymers 
The optimum conditions for the polym erisation o f  1 ,3-d i-1-naphthoxy propane 
were app lied  to  the other members o f  the s e r ie s ,  but the polymers w ith  
structure I  m » 2 ,4  and 6 were in so lu b le , c r y s ta ll in e  and formed b r i t t l e  
compression moulded film s.
increase in  reduced v is c o s ity  w ith time (F ig  3-1).» (th e  extent o f  rea ctio n  
was ca lcu la ted  from the degree o f  polym erisation ). As the m olecular 
weight o f  the polymer increased  w ith time w hile the y ie ld  remained
These data were assumed to  apply to  the other so lu b le  polymers I
160 240120 20040
Time (mins)
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When two systems were compared, one g iv in g  a so lu b le  polymer ( I  m * 3) 
and the other an in so lu b le  polymer ( I  m * 2 ) , the former was found to  
react v ia  a red so lu tio n  w hile the la t t e r  became a brown slu rry  
a fte r  on ly  10-20 min rea c tio n . On adding the reaction  mixture o f  each 
to  methanol the f i r s t  was p rec ip ita ted  as s tr in g y  lumps w hile  the  
other was a f in e  powder, suggesting th at even low molecular weight 
polymers w ith structure I  m « 2 ,4  and 6 were in so lu b le  in  nitrobenzene  
a t 25w. At th e higher temperatures o f  50° and 90° the rea ctio n  mass 
remained a slu rry  and the polymers s t i l l  formed b r i t t le  f ilm s . The 
reaction  temperature was not increased  further because the products 
were darker than those a t 25° •
The in s o lu b il i t y  o f  polymers I  m n 2 ,4  and 6 precluded the attainm ent 
o f  high m olecular weight and a study o f  p rop erties requiring  coherent 
film  or plaques.
3*2.4 The removal o f  c a ta ly s t  resid u es from poly( dinaphthyl 
alkylene ethers)
Residual c a ta ly s t , and so lv en t, in  a polymer can cause poor colour, 
and melt and u ltra  v io le t  in s t a b i l i t y ,  so i t  i s  e s s e n t ia l  to  remove 
as much as p o s s ib le . The process o f  c a ta ly s t  removal from polymers 
i s  o ften  termed deashing.
As poly( dinaphthyl a lkylene ethers) are prepared w ith greater than 2 
mols fe r r ic  chloride/m ol monomer a ty p ic a l rea ctio n  product contains  
6$ polymer, 6$ ferrous ch loride and 88$ nitrobenzene. Thus the removal 
o f  the so lven t alone lea v es  a polymer w ith 50$ c a ta ly s t , which i s  equivalent 
to  an iron  content o f  160,000  ppm. When th e polymers were p r e c ip ita ted
6o
in to  methanol, and washed tw ice w ith b o ilin g  methanol, the iro n  content 
was gen era lly  reduced to  l e s s  than 2000 ppm. This i s  s t i l l  too h igh .
A v a r ie ty  o f  a lte r n a tiv e  so lv en ts  to  methanol, and severa l ex tra ctio n  
techniques were examined (Table 5-6) to  fin d  an improved procedure for  
the removal o f  res id u a l c a ta ly s t . None o f  the methods used reduced 
the iron  content to  l e s s  than 50 PP® but the follow ing:
(a) washing with HC1 and cetavlon
(b) continuous ex traction  w ith 2,4-pentanone
(c ) ex traction  o f  a so lu tio n  w ith HC1
reduced the le v e l  to  l e s s  than 100 ppm. Method (b) was preferred be­
cause i t  was app licab le  to  both so lu b le  and in so lu b le  polymers, and 
i t  was l e s s  time consuming. I t  i s  in te r e s t in g  to  note th at even though
a polymer I  m = 2 was a much fin er  powder th at a polymer I  m a 3
the iron  content was l e s s  rea d ily  reduced.
The iron  content o f  each sample was measured by x-ray flu orescence  
spectroscopy (XRF) on a compacted ta b le t .  The r e la t iv e  ( to  a low value  
sample) ch lorine content o f  some samples was a lso  measured by XRF, but 
did not correspond to  the iron  content. G enerally the ch lorine con­
ten t did not change (most r e s u lt s  were in  the 200-500  range) as the  
iron  content increased , which suggests th at only some o f  the res id u a l  
ca ta ly s t  i s  iron  ch lor id e . The remainder may be an iron  ox id e .
b1
T a b le  3 -6
Deashing Experiments on Poly(Dinaphthyl Alkylene Ethers)
A SOLID-LIQUID EXTRACTION -  BATCH WISE
m RV Treatment lron  (ppm^
i n i t i a l  f in a l
3 0 .6 6  2 x HC1 2000 900
3 1 .15  6 x  HC1 1550 350
3 2 .6  3  x  HC1 + cetavlona -  125
2 -  4 x  methanol + acac -  16OO
B SOLID-LIQUID CONTINUOUS
3 0.41 acetone (l?h ) 800 800
3 0 .7 2  constant b o ilin g  (cb) 1750 800
HC1 d 7 h )
3  0 .7 2  acacb ( 17b) 1750 110
5 0 .6 6  acacb (65h) 4800 50
5 0 .99  acacb C65h) -  100
2 -  acacb,C 2650 2000
C LIQUID-LIQUID EXTRACTION
3 1.01 polym erisation so ln . -  5000
w ith cb. HC1 (20h)
3 0 .6 6  1-chloronaphthalene 2000 450
so ln  2 x HC1
3 0.44  O-PhClp so ln  w ith 6600 800
ch. HCI (5hO
3 0 .66  1-chloronaphthalene 700 130
so ln  with cb.HCl (I7h)
3 1 .1 5  do (25h) 1100 350
3 0 .50  do (65h) 3800 550
5 0 .78  do (65h) 8000 120
reduction
{%)
55
80
0
5 5
88
9 9
2 5
88
88
82
78
8 3
9 8
Table 3-6  
(Continued)
m RV Treatment iron  (ppra^
i n i t i a l  f in a l
D REPRECIPITATION
3 0*74 from 1-chloronaphthalene 850 550
3 0 .6 6  do contain ing acac 2000 1200
a non io n ic  surfactant 
b 2 ,4  pentanone 
c f in e  powder blocked soxh let
reduction
(#)
40
40
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3-3  Some Novel Naphthyl Ether Polymer Structures
A v a r ie ty  o f  polymers have been prepared by reactin g  monomers contain­
in g  the naphthyl ether group w ith fe r r ic  ch loride in  nitrobenzene.
The p rop erties  o f  th ese  polymers were not studied  in  such depth as  
those o f  poly(dinaphthyl a lkylen e eth ers) but they are o f  in te r e s t  
because o f  th e ir  v a r ia tio n  w ith stru ctu re .
3*3®'! P oly( d i- 1 -naphthyl eth er)
Di-1-naphthyl ether was prepared by s e l f  condensing 1-naphthol w ith
106sodium b isu lphate , and allowed to  react w ith fe r r ic  ch loride in  
nitrobenzene. However, a t 25°» the ra te  o f  hydrogen ch lorid e evo lu tion  
and the reduced v is c o s ity  o f  the product were lower than for  the rea ction  
o f  1 ,3-di-1-naphthoxy propane. At 50°, higher reduced v i s c o s i t i e s  
(0 . 26- 1 . 13) were obtained, but a t  60° ^  2# o f  an in so lu b le  m ateria l was 
obtained. This m aterial could be m elted, so i t  was p o ss ib ly  branched 
rather than crosslin k ed , but the in frared  spectrum did not show any 
d ifferen ces  to  the t o t a l ly  so lu b le  polymer*
Poly (d i-1-naphthyl ether) was so lu b le  in  1-chloronaphthalene and a  
1:20 v /v  mixture o f  chloro forov'fa-methyl-2-pyrollidone, in  which the nmr 
spectrum was run to  confirm the structure ( I I I ) .  Transparent
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but b r i t t l e  film  was compression moulded from powder a t >, 400°, and 
used to  measure the d en sity  (1*185 g . cm"*^ )• X-ray diffraction photo­
graphs showed th at both powder and film  samples were amorphous, but 
d if fe r e n t ia l  scanning calorim etry did not revea l a tr a n s it io n  between 
23° and 400°. I t  i s  u n lik e ly  th at the Tg o f  p o ly ( d i - 1 -naphthyl ether) 
i s  e ith er  below 25°» a s  film  samples were not e l a s t i c , or above 400° 
as the s o l id  flow s a t  t h is  temperature. The tr a n s it io n  was th erefore  
considered to  be unusually sm all, and so not e a s i ly  d etected . Poly  
(d i-1-naphthyl ether) was more s ta b le  than poly(dinaphthyl a lky len e  
eh ters) probably because i t  contains on ly  aromatic hydrogen atoms.
3-3*2 Poly (dim ethyl dibenzo xanthene)
1077 ,7-Dimethyl-7H-dibenzo _/c,j^7 xanthene was prepared by condensing 
1-naphthol w ith acetone, in  the presence o f  phosphorous oxychloride,
and allowed to  react w ith fe r r ic  ch loride in  nitrobenzene, a t  25°•
The structure o f  the polymer (IV ), prepared w ith reduced v i s c o s i t i e s  
^  7-9» was confirmed by comparing the in fra  red spectrum w ith model 
compounds and by nmr spectroscopy. X-ray diffraction photographs o f  
the powder showed th at i t  was amorphous and the Tg b 370° was measured 
by d if fe r e n t ia l  scanning calorim etry, but only as an i l l - d e f in e d  
tr a n s it io n .
(IV)
u-J
Poly (dim ethyl dibenzoxanthene) did not flow  below 400°, and above 
400° i t  decomposed. However, as the polymer was so lu b le  in  a range 
o f  so lv en ts  including: 1-chloronaphthalene, chloroform, tetrahydro- 
furan, N -m ethyl-2-pyrollidone and to lu en e, i t  was so lven t cast in to  
film . A sample o f  film , cast^jfrom  chloroform so lu tio n , was tough 
but rap id ly  em brittled  when aged a t >200°. The density  o f  the f ilm  
( 1.106  g cn f3) was lower than th at o f  poly(dinaphthyl alkylene eth ers)  
which suggests th at t h is  structure has a higher molecular volume.
The degradation o f  the polymer, in  a ir ,  was stud ied  by ca stin g  a 
film  onto a potassium bromide p la te  heating  the p la te  in  an oven and 
recording the in fra -red  spectrum a t in te r v a ls . The spectrum did not 
change when the film  was heated a t  100° for four days, but a t 150°  
the colour changed from yellow  to  brown. While the aromatic portion  
o f  the spectrum remained the same, severa l bands appeared between 
5.6-5«8p . These absorption bands are in  the carbonyl region  and resemble 
the spectra o f  severa l p er-a c id s . The embrittlement o f  the polymer 
may be due to  ox idation  o f  the methyl su b stitu en ts  follow ed by a  
cro sslin k in g  process, but leav in g  the main part o f  the chain in t a c t .
3®3*3 Poly(dinaphthylene ox id e)
2,2*-D inaphthalene-1,1*-ox id e was prepared"10^  by heating  1-naphthol 
w ith vanadium pentoxide, and allowed to  react w ith fe r r ic  ch lorid e  in  
nitrobenzene, a t 50°. The polymer was not wholly so lu b le  in  1 -ch loro- 
naphthalene, but the so lu b le  part had a reduced v is c o s ity  o f  0.17* The 
structure (V) o f  the polymer was deduced from
(V)
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the in frared  spectrum and the method o f  preparation. Although the polymer 
was amorphous the Tg could not be detected  by d if fe r e n t ia l  scanning  
calorim etry.
3«3«4 The v a r ia tio n  o f  the properties w ith structure  
Poly (dim ethyl dibenzoxanthene) XV was not only  prepared a t a lower 
temperature than p o ly ( d i - 1-naphthyl ether) I I I  but the former was 
gen era lly  o f  higher reduced v is c o s ity ,  and tougher a t the same re­
duced v is c o s i t y .  7 17-Dimethyl-7H~dibenzo [ Clh] xanthene may polym erise 
more rea d ily  than di-1-naphthyl ether because i t  has a lower oxida­
t io n  p o te n tia l, caused by the in d uctive  e f f e c t  o f  the methyl sub­
s t i tu e n ts .  The greater toughness o f  IV i s  su rprisin g  because I I I  should  
have the more f le x ib le  stru ctu re, but may be explained by an absence 
o f  branching in  the 2 -p o sit io n  which are blocked, by the bridging  
group.
The thermal s t a b i l i t y  o f  poly(dim ethyl dibenzo xanthene) could be 
improved by modifying the bridging su b stitu en t, p o ss ib ly  to  the d ir e c t  
l in k  o f  poly(dinaphthylene oxide) V, in  the same way th at p o ly (d i-1 -  
naphthyl ether) i s  more s ta b le  than p oly(d i-1-naph thyl propylene 
e th er ). I t  i s  suggested th at further work in  t h is  p a rticu la r  area could  
produce, by ox id a tiv e  p o lyary la tion , a high molecular weight polymer 
with high thermal s t a b i l i t y .
CHAPTER 4 A STUDY OF THE PROPERTIES OF A HOMOLOGOUS SERIES 
OF POLY(DINAPHTHYL ALKYLENE ETHERS)
The preparation o f  poly  (dinaphthyl a lkylen e ethers) I  was d iscussed  
in  Chapter 3 . Numerous samples o f  poly( dinaphthyl propylene ether)
I  m as 3 were prepared in  t h is  work and the v a r ia tio n  o f  i t s  proper­
t i e s  w ith molecular weight were observed* Only a few samples o f  the  
other poly (dinaphthyl a lkylen e *fchers) I  m a 2 ,4 ,5 i 6 ,7 i 10 and 12 were 
prepared as  the p rop erties o f  each were then compared with th ose o f  
the other members o f  the s e r ie s .
4 .1  Molecular Structure and Molecular Weight 
Although structure I  was deduced
from the structure o f  the monomer, the stoichiom etry o f  the polym eri­
sa tio n  and the d im erisation o f  1-ethoxynaphthalene to  only 4 ,4 * -  
dieth oxy-1 ,1 *-binaphthyl, i t  i s  one o f  sev era l isom eric p o s s ib i l i t i e s  
such as
0 (ch2) ~ 0
I
and
and combinations o f  th ese  .
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The IR spectra o f  the s e r ie s  o f  polymers, a s  e ith e r  th in  film s  
or d isp ersion s in  potassium bromide, were a l l  sim ilar  to  each 
other and a lso  sim ilar to  4 ,4*-d iethoxy-1 ,1*-b inap hth yl, (F ig  4 -1 ) .  
This i s  a good in d ica tio n  o f  polym erisation a t only  the 4 -p o s it io n .  
U nfortunately the m ajority o f  the polymers were not so lu b le  in  
a lip h a tic  so lv en ts , so th e ir  NMR spectra could not be recorded. The 
NMR spectra o f  polydinaphthyl pentylene ether and low reduced 
v is e o s ity (0 . 30) polydinaphthyl propylene ether were recorded in  
chloroform. The chemical s h i f t s ,  coupling constants and in te g r a ls  
a l l  in d icated  structure I • F ig  (4 -2 ) shows a ty p ic a l spectrum 
with th at o f  4- ,4* -d ieth o x y -1 ,1 ' -binaphthyl for comparison. As 
a l l  the IR spectra were sim ilar  to  I m » 3, the stru ctu res o f  the  
s e r ie s  are assumed to  be that o f  I .
The number average molecular weight (Mn) o f  severa l samples o f  
poly(dinaphthyl propylene ether) I  m » 3 w ith reduced v i s c o s i t i e s  
from 0.44  to 11.94 were measured by osmometry, in  1-chloronaphthalene 
a t 30°o A s ig n if ic a n t  amount o f  so lu te  permeated the membrane, 
which had a cut o f f  at M~£: 12,000, during each measurement, which 
suggests e ith er  a wide molecular weight d is tr ib u tio n  or the presence 
o f  an im purity. So the r e s u lt s  (Table 4 -1) can only  be regarded as  
approximate.
V/hen the in t r in s ic  v is c o s i t i e s  over a range o f  reduced v i s c o s i t i e s  
were measured non-ideal behaviour was found for the higher reduced 
v is c o s ity  samples, th at i s  the p lo t  o f  reduced v is c o s ity  aga in st  
concentration (F ig  4 -3) was not l in e a r .

FIG 4-2 The NMR spectra of 414*-distho3(y-1,1r-binaphthyl and 
polyCdinaphthyl propylene ether)
0.80.6 1 . 00 . 20
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Table 4-1
V ariation o f  Number Average Molecular Weight w ith Reduced V iiscosity  
for Polydinaphthyl Propylene Ether
[RV] iV -ch lo ro n a p h th a len e  (1-chloronaphthalene,
0 .44  
0 .6 5  
0 .97
1.17
2.6l 
3.52  
7.74  
8.64  
10 .00  
11.64
21,100
20,400
49.500  
26,000
52.500 
29,000
44.000
54.000
50.000 
45,000
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The p lo t  o f  in tr in s ic  v is c o s ity  against reduced v is c o s ity  (a t  1$)
(F ig  4-4) was used to  ca lcu la te  the in tr in s ic  v is c o s i t i e s  in  the
p lo t o f  lo g  ^  aga in st lo g  Mn (F ig  4~5) • The slope and in tercep t
-9o f  th is  l in e  g ive k » (6 _+ 1 .6 ) x 10 and a « 1 .9 6  + 0 .2 8  in  
the m odified Mark-Houwink"^ equation (4-1)»
(4-1) C*)'J Offia
The high value o f  a , which i s  more o ften  in  the range 0 .6 -0 .8 ,
may be due to  the poor osmotic pressure measurements. But i t  i s
a lso  p o ss ib le  that 1-chloronaphthalene i s  an extrem ely good so lv en t,
for the polymer, in  which the m olecules are extended and unentangled
109A th e o r e tic a l treatment o f  the equation puts a maximum value to  
a o f  two for m olecules behaving l ik e  in f le x ib le  n on -in teractin g  rods
Figures 4-4 and 4-5  can be used to  c a lcu la te  the number average 
molecular weight (Mn) and the degree o f  polym erisation (dp) from a 
s in g le  reduced v is c o s ity  measurement a t h% concentration.
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4 .2  C r y s ta ll in ity  and M elting Behaviour
4 .2 .1  C r y s ta llin ity  and m elting p o in ts  
The presence or absence o f  c r y s t a l l in i t y  in  polydinaphthyl a lky len e  
ethers was judged from x-ray d if fr a c t io n  photographs o f  both powder 
and film . The polymers w ith stru ctu res I m s  3 and 5  were the only  
ones th at were amorphous as  made, the oth ers were c r y s ta ll in e  to  
varying degrees. These r e s u lt s  compare w e ll w ith s o lu b i l i ty  s tu d ie s  
where I  m s  3  and 5  were so lu b le  in  co ld  1-chloronaphthalene, I 
m ss 7»10 and 12 were so lu b le  in  hot 1-chloronaphthalene and I 
m a 2 ,4  and 6 were in so lu b le . Samples I m a 3»5i7»10 and 12 gave 
coherent film  th a t could be made amorphous by rap id ly  coo lin g  to  
below Tg. The x-ray p attern s o f  I  m 2 ,4  and 6 were s im ila r  to  each 
other w ith p r in c ip a l diffraction l in e s  o f  sim ilar in t e n s it ie s  a t  the  
same spacings. The pattern  for  I  m s  3  had l in e s  a t s im ila r  spacings  
but o f  d if fe r e n t in t e n s it ie s ,  and the in t e n s i t ie s  o f  I  m *s 5  and 7 
tend to  those o f  I  m = even.
M elting p o in ts  (Tm) and g la ss  tr a n s it io n  temperatures (Tg) were 
measured w ith a d if fe r e n t ia l  scanning calorim eter (DSC). The 
m elting p o in ts  o f  the samples (Table 4 -2 ) were measured as they were 
rece ived , and again when heated to  below th ese Tm and cooled  a t  
6°h~^ to 25°. Both Tm and the degree o f  c r y s ta l l in i ty  were higher  
a fte r  annealing® The maximum values o f  Tm may not have been a tta in ed .
However comparisons between samples annealed in  the same way, cooled
o —1 110a t  6 h , show a z ig -za g  re la tio n sh ip  with the number o f  methylene
groups (m) (F ig  4 -6 ) .  The m-even polymers are higher m elting than
the m-odd ones. A sim ilar  re la tio n sh ip  has been observed for some
111 112 p o ly esters  and polyamides , and for the corresponding »t,,w d i-1 -
naphthoxy alkanes (p253).
Table 4-2
M elting P oin ts o f  PolyDinaphthyl Alkylene Ethers
•As Made* 
C r y sta llin ity Tm
(° )
A fter annealing  
C r y sta llin ity Tm
(° )
2 moderate to  good 275 High 291
3 amorphous . - High 278
4 moderate to  good 325 High 324
5 amorphous - moderatea 196®
6 moderate 271 High 280
7 moderate 219 moderate to  good 259
10 poor 220 moderate 221
12 poor 204 moderate 204
a not c r y s ta ll is e d  by annealing, but by 
so lven t treatm ent.
Methylene Groups (m) in  Structure X
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© -1When the samples were cooled a t 6 h from the amorphous s ta te ,  
that i s  from the m elt, the samples with m-odd stru ctu res remained 
amorphous while the others c r y s ta ll is e d . The extent o f c r y s ta ll is a t io n  
decreased with increasin g m.
Polydinaphthyl a lkylene ethers w ith odd and even numbers o f  meth­
ylene groups (m) belong to  d iffe re n t symmetry groups, and thus 
th e ir  chains pack d if fe r e n t ly  causing d ifferen ces  in  m elting and 
c r y s ta ll i s a t io n  behaviour. The m-even stru ctu res form a re la ted  
s e r ie s  (F ig  4-7) in  which the oxygen atoms are on a ltern a te  s id es  
o f  the a lip h a tic  chain,
(4 -7 )
whereas the m-odd stru ctu res have the oxygen atoms on the same 
sid e  (F ig  4 -8 ) .
The m-even repeat u n it i s  generally  shorter and more compact, 
so the sp ec ie s  not only  c r y s ta l l i s e  more rea d ily  but are higher  
melting* The aromatic groups g ive r is e  to  a high m elting poin t 
which drops as th e ir  frequency along the chain decreases, th at i s  
as m in crea ses, but the odd man out, w ith an unusually high  
m elting poin t , i s  i  m *s 4 . I t  i s  p o ss ib le  th at the a lip h a tic  
portion  o f  the chain in  t h is  structure i s  ju st  the r ig h t len gth  
for the aromatic portion  to  'pack* in to  i t  and thus give a 
c r y s ta ll is e d  system w ith the minimum free  volume* Unfortunately  
the den sity  o f  Im m 4 could not be measured; i t  could be expected  
to  be the h igh est o f  the s e r ie s ,  however*
4 .2 .2  The amorphous s ta te  and Tg 
When th e polymers were heated to 20° above th e ir  m elting p o in ts
mm 4
and cooled rapid ly  ( 16V tain"" ) those o f  structure Im » 2 ,4  and 
6 c r y s ta ll is e d  (m ® 2 stron g ly , m « 4 moderately, m = 6 poorly) 
and the others became amorphous. Samples o f  Im » 4 and 6 were 
made amorphous by quenching in to  liq u id  n itrogen  from above th e ir  
m elting p o in ts , but polydinaphthyl ethylene ether (Im n 2 ) remained 
c r y s ta ll in e .
The g la ss  tr a n s it io n  temperatures (Tg) o f  the amorphous samples 
were measured by heating a t 16U min  ^ (Table 4-3)* The polymers 
w ith m-odd stru ctu res gave higher values o f  Tg a fte r  annealing by 
cooling  a t 6wh f r o m  the m elt, but the others did not change, 
demonstrating the e f fe c t  on thermal h is to ry  o f  Tg. The Tg a lso  
v a r ies  in  a z ig -za g  manner w ith m (F ig  4 -6 ) , but now the m-odd 
values are the h igher.
Table 4-3
G lass T ransition  Temperatures o f  Poly Dinaphthyl Alkylene Ethers
m Tga
n
m b 
? >
2 c -
3 119-lS7d 191
4 130 -
5 143 159
6 109 -
7 118 141
10 83
12 74 -
a in  amorphous s ta te  
b a fte r  annealing (6  h" from m elt) 
c not made amorphous 
d varied  with RV
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The v a r ia tio n  o f  Tg w ith RV has been measured (F ig  4-9) for poly
dinaphthyl propylene eth er , and above RV « 0 .6  (where Tg = 184°)
th e increase becomes l e s s  marked. This type o f  v a r ia tio n  o f  a
property w ith molecular weight i s  a ttr ib u ted  to  the behaviour o f
chain ends, which are l e s s  restra in ed  than th e centre and so
to  indulge in  more v io le n t  motions the m aterial near the chain ends
expands, creatin g  extra free  volume. As the concentration o f  chain
ends i s  in v erse ly  proportional to  number avarage molecular
113w eight, and the free  volume i s  r e la ted  to  Tg , the Tg w i l l  be 
re la ted  Mn by an em pirical formula o f  the type (4 -2 ) .
(4 -2 ) Tg = Tg**5
For polydinaphthyl propylene ether t h is  r e la tio n sh ip  holds above 
the lim it in g  value o f  RV » 0 .6  (Mn « 21,000) where Tg a 187° and 
K a 2 .4  x 104 .
85For polymers w ith structure Im=even the re la tio n sh ip  Tg « 2 /3  Tm 
(T in  degrees abso lu te) g iv es  values o f  Tg from Tm (Table 4 -4 ) » in  
agreement w ith measured va lu es, but the agreement f a l l s  o f f  a s  m 
in creases and does not hold for Im s= odd. For Im » 3 and 7 a 
re la tio n sh ip  Tg = 4 /3  Tm f i t s  the data, but Im a 3 i s  apparently  
anomalous perhaps because t h is  polymer was not c r y s ta ll is e d  by thermal 
treatment but from so lu tio n . The presence o f  a d ifferen t c r y s ta l  
form for Im ** 5 was not seen however in  X-ray photographs.
-  JC 
Mil
with Keaucea viscosixy ior x-x-upjrxciic ^uucx /
oo
vo
•p
C\l
84
Table 4-4
The V ariation o f  Tm w ith Tg for Poly Dinaphthyl A’JLkylene Ethers
I S
Tm
(°>
C alculated5 
Tg (° ) ? >
2 291 103 -
3 278 94 190
4 324 125 130
5 196 40 159
6 280 96 109
7 239 68 141
10 221 56 83
12 204 45 74
85a ca lcu la ted  from Tg ss 2 /3  Tai (in  degrees K)
4*3 Melt V isco s ity  and S ta b il ity  
4.3*1 Melt v is c o s ity  
Melt v i s c o s i t i e s  were measured a t  various temperatures and shear 
r a te s  (Table 4 -5) > and because they decreased w ith time the values  
were taken from p lo ts  o f  m elt v is c o s ity  aga in st time extrapolated  
to  zero tim e.
102The melt v is c o s ity  has been shown to  vary with molecular weight 
according to (4 -3 ) for values o f  Z above a c r i t i c a l  va lue.
(4-3) lo g  s  3 .4  lo g  Zw + k
Z i s  the number o f  atoms in  the chain, and k a constant a t  a fix ed  
temperature. For polydinaphthyl propylene ether a p lo t  o f  lo g  
melt v is c o s ity  aga in st lo g  Mn (F ig  4-10) g iv es  equation (4 -4 ) .
(4 -4) lo g  *= 3*04 lo g  Mn -  13*6
which in d ica te s  th at the samples were a l l  over th e c r i t i c a l  chain
len gth . In th is  region  the m elt v is c o s ity  i s  dependant on chain
entangA&ments as w e ll as the fr ic t io n a l forces between m olecu les,
and does not show Newtonian behaviour. Non Newtonian behaviour
i s  shown by the dependance o f  the m elt v is c o s ity  on the shear ra te
102(Table 4 -6 ) .  Bueche lias shown for severa l polymers th a t a t  
lower molecular weights the melt v is c o s ity  i s  Newtonian, and th at  
the tr a n s it io n  occurs where Z a 600. For I in e  3 Z s  600 corresponds 
to  46 repeat u n its , or a reduced v is c o s ity  a t 1^  o f  0 .2 5 .
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Table 4-5
The Melt V isco s ity  o f  Polydinaphthyl Alkylene Ethers a t a
-1Shear Rate o f  1000sec
RV Melt (kNSaT2 )
m, 350° 0 .31  ) . _ .
5 0.66 ) to° low t0measure
310° 0*31 0 .14
0*30 0 .2 6
0 .5 8  0 .3 2
0 .67  0.41
O.7 8  0 .8 2
0 .8 6  0 .6 0
1.01 0 .54
1 .2 6  0 .84
2.31 1.40
250s
0.66
0.99
0 .9 0
0.52
O.89
1.40
FlGtlKB iaijio
Kvtx
Melt Vi^ 
lecu la r
c o s it
m Weight
p i i  f i u p e t |
2. Cyolns
'• •' y;: IP S
x 10
lo g  (Mn)
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Table 4-6
The V ariation o f  Melt V isco s ity  with Shear Rate o f  Polydinaphthyl
Propylene Ether, a t  510
Shear Rate V isco s ity
(se c ”1) (kNSuT2 )
240 2 .0 6
480 1.350
960 0 .84
1440 0 .615
1920 0 .49
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4.3*2 Melt S ta b il i ty  
Polydinaphthyl propylene ether i s  melt unstab le . The melt v is c o s ity  
drops throughout i t s  measurement, and the reduced v is c o s ity  o f  
a moulded specimen i s  lower than the orig in a l powder.
Samples o f  poly(dinaphthyl propylene ether) Im « 3 film , w ith  
d iffe re n t reduced v i s c o s i t i e s ,  were heated a t JOQ° for 15 m inutes, 
and the i n i t i a l  and f in a l  reduced v is c o s i t i e s  were used to  c a l­
cu lated  the percentage degradations (4 -5 ) shown in  Table 4 -7 .
(4 -5 ) percent degradation e  100 A  dp
i n i t i a l
dP
The percent degradation i s  unrelated to  the iron  content o f  the  
polymers, but approximately re la ted  to the i n i t i a l  dp which suggests  
degradation by a random chain s c is s io n  p rocess. In  other words 
the chain does not decompose a t the ends, as th is  would g ive  the  
sm allest percent degradation a t the h igh est dp, but decomposes a t  
in -ch a in  bonds in  an irregu lar  manner. There are probably com petitive  
chain extending rea ctio n s going on in  the m elt, e sp e c ia lly  i f  f e r r ic  
ch loride i s  presen t, which confuse the o v e ra ll p ictu re  o f  s t a b i l i t y .
A sample o f  polydinaphthyl ether ( I I I )  degraded l e s s  at 350° than 
most polydinaphthyl propylene ethers samples a t 300° .
0
I I I
Table 4-7
The Degradation o f  Polydinaphthyl Propylene Ether a t 300°
I n i t ia l  
RV*1 dp
P inal 
RV dp &  dp
CFe]
(ppm)
% degradation
0.44 59 0 .4 0 57 2 6600 3 .4
0 . 6? 67 0 .5 3 62 5 150 7 .5
0 .72 68 O.6 3 66 3 900 4 .4
0.74 69 O.5 8 64 5 700 7 .2
0 .85 72 0.70 68 4 150 5 .6
1.01 75 0 .81 71 4 300 5 .3
1.15 79 0 .87 72 7 350 8 .9
1.17 79 1.13 76 3 880 3-8
2.78 102 1.56 86 16 450 15.7
3.31 107 2 .0 7 93 14 150 13.1
3 .8 0 111 1.17 79 32 1050 2 8 .8
11 .09 153 2.44 98 55 300 35.9
1 .13b
0 
I 
00 
I
1 .02 ^?6 ~2 850 ^2 .6  ‘
a 1#  1-chloronaphthalene a t  
b polydinaphthylether a t 350°
c assuming same re la tio n sh ip  o f  Mn to  RV as  when m m 3
The in s t a b i l i t y  o f  the polydinaphthyl a lkylene ethers may be due 
to  osddative degradation a t the a lip h a tic  carbon atoms. However, 
th e model compounds 4 ,4*-d ieth o x y -1 ,1 1-binaphthyl (chosen to  
resemble in -ch a in  groups) and 1 ,3  d i - 1-naphthoxy propane (chosen  
to  resemble chain ends) when heated a t 300° for  22h under nitrogen  
darkened but did not decompose s ig n if ic a n t ly , a s  there was no 
evidence o f  gross stru ctu ra l changes in  e ith e r  IR or MR sp ectra . 
Poly(dinaphthyl a lkylen e ethers) may th erefore be p o te n t ia lly  
s ta b le , but for the presence o f  im p u rities .
4 .3*3  Thermogravimetric a n a ly s is  
Samples o f  polymer Im « 2 ,3  and 5 were heated in  a thermal balance 
a t 2 .5 vndn under both a ir  and n itrogen . The thermograms, shown 
in  F ig  4 -11 , demonstrate the fo llow ing:
(a) The polymers sta rted  to decompose in  the same region , 
350- 400° ,  whether heated in  a ir  or n itrogen . This 
suggests that a t  le a s t  the i n i t i a l  degradation i s  not 
an o x id a tive  p rocess.
(b) Heating in  a ir  causes complete decomposition a t <600° .
(c ) Heating in  nitrogen r e s u lt s  in  an i n i t i a l  sharp decomp­
o s it io n  (x) follow ed by a slower one. The amount o f  t h is  
rapid weight lo s s  increased w ith m, as shown in  Table 4 - 8 .
FIGURE 4-11: Thermograms, a t Z . ^ n i n  ' for
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Table 4-8
The Dependence o f  Weight Loss on m for Decomposition Under Nitrogen
m mol wt
a
X
(%)
mol wt 
fragment
p o ss ib le  structure  
o f  fragpnent
2 314.4 20 63 - och2ch2o-
3 328.4 45 148 - och2ch2gh2o-
+ M a 74
5 3 5 6 .5 65 250 -och2gh2ch2ch2ch2o -  
+ M « 2 x 74
a see  F ig  4-11
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The value o f  x for IVm b 2 i s  explained by complete lo s s  o f  
ethylene eth er , but XV m a 3 and 3  would in volve lo s s  o f  the  
alkylene ether fragment p lu s some portion  o f  the aromatic residue*
4 .4  Impact Strength
The impact stren gths o f  polymers Im as 3»5i7 and 12 were measured 
96in  a Charpy t e s t ,  some w ith and some without notches (Table 4-9)*  
The strength  o f  the polymers f e l l  in to  three c la s se s  depending 
on m s
(a) polymers were b r i t t l e  unnotched (Im as 3)
(b) b r i t t l e  w ith an 0 .080 in  notch (Im « 3  and 7)
(c ) tough w ith blunt (0*08 in ) notch (Im =12) .
To compare them to  each other impact strengths w ith the same notch  
(0 .080 in)were measured. The only case where the impact stren gth  
reached a lim it in g  value td.th reduced v is c o s ity  was for Im = 3  
(F ig  4 -1 2 ) . For Im « 3 t h is  was not reached, for Im ss 7 and 12 the  
reduced v is c o s ity  could not be measured accu rately , a t 23° * 
as they were only  p a r t ia l ly  so lu b le . For comparative purposes a 
sample o f  high d en sity  polyethylene (representing  a value o f  m >1000) 
was moulded, notched to  0 .0 8 0  in , and te s te d  in  the same manner 
as the other samples. The impact stren gth  o f  10.5  kJm 2 was much 
loi*er than that o f  the p o ly ( dinaphthylene a lkylen e ethers) because 
o f  the high degree o f  c r y s ta l l in i ty  present in  polythene. A con­
tin u a tio n  o f  the trend o f  in creasin g  impact stren gth  w ith m suggests  
th a t an amorphous sample o f  polythene would have such a high impact 
strength  th at i t  would be unbreakable.
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Table 4-9
The Impact Strength o f  Polydinaphthyl A lkylene E thers, a t Room 
Temperature
m fRVJ^ 1-chloronaphthalene  25°
Impact Strength  
(kJnf2 )
3 (unnotched) 0.49 8 .9
0 .? 8 13
0 .8 6 1 9 .2
0 .97 32 .5
1.30 20.4
1 .83 2 8 .5
1.99 2 9 .5
2.24 34 .3
2.31 35 .2
3 (0 . 08 in  notch) 0 .7 2 6 .6
1.01 6 .1
1 .2 6 9 .7
1.27 1 0 .5
2.69 11 .2
5 (unnotched) 0 .66 35 .3
0 .90 6 0 .2
0 .99 74 .3
5  (0*08 in  notch) 1.21 10 .2
2 .1 2 23.4
2 .1 2 2 5 .3
2.21 19.8
2 .95 31 .8
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Table 4-9  
(Continued)
The Impact Strengths o f  Polydinaphthyl Alkylene Ethers, a t Hoorn 
Temperature
1-chloronaphthalene Impact Strength  
(kJnf2)  ,
7 (0 .0 8  in  notch) 1 . 21a 41.1
0.87* 26 .1
12 (0 .0 8  in  notch) b 73 .5
a came out o f  so lu tio n  a t 25°
b not so lu b le  a t  25°
Tip Radius) Impact Strength w ith Reduced V isco s ity  for
■ i J I i F S ! — ^(dH,i)ji> . . - I  [ ‘ j' - ■ iL:- ■::' ■ - i:
&
5 Kb)
20.
10
j f y j j  1#0 1-chloronaphthalene
4*5 D ensity
The d e n s it ie s  o f  polymers Im » 3 i5 i7  and 12 were measured by the  
buoyancy method (Table 4-10)» This required e ith er  blocks or 
film  to  be moulded, so the h igh ly  c r y s ta ll in e  samples which did  
not form coherent mouldings could not be included in  the measure­
ments.
The d en sity  decreased itfith in creasin g  m (F ig  4-13)* As the  
number o f  samples are lim ite d  the true re la tio n sh ip  o f  d en sity  to  
m i s  not seen , but i t  i s  possib ly  the z ig -za g  re la tio n sh ip  
found between m elting p o in ts  and m. The m-even polymers would 
be not only  higher m elting but a lso  more dense than the m-odd 
sp e c ie s .
4 .6  Conclusions
This homologous s e r ie s  o f  polydinaphthyl a lkylene ethers does not 
disp lay  any unusual trends in  p ro p erties . As the number o f  methylene 
groups (m) in creases the polymer chains pack more lo o se ly  and so 
densitye»«Jmelting p o in t{ 1 decrease. The z ig -za g
e f f e c t ,  where a ltern a te  members o f  the s e r ie s  do not l i e  on a smooth 
curve, dim inishes w ith m as does th e d ifferen ce  in  p ro p erties  o f  
su ccessiv e  members. Thus, a t some value o f  m >12, the v a r ia tio n  
in  any property w ith  m w i l l  become van ish ingly  sm all. The in crease  
in  impact stren gth , the only property measured th at shows a gain  
w ith increasin g  m, td.th m i s  a sso c ia ted  w ith the in crease  in  the free  
movement between m olecules as the frequency o f  bulky dinaphthyl 
groups drops.
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Table 4-10
The D e n sitie s  o f  Poly(Dinaphthyl Alkylene Ethers)
m D ensity-(g .cm .”-')
3 2.69 1.203
3 0 .78 1.200
5 1.01 1.176
7 - 1.151
12 - 1.103
jjjluukei *i- \?z xne varia tion  ox wxta tne iraiaoer o i
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CHAPTER 5  KINETIC STUDIES OF THE SCHOLL REACTION OF 
1-ETHOXYNAPHTHALENE
The ox id ative  p o lyary la tion  o f  o t ,w  d i- 1 - naphthoxyalkane s  w ith  
fe r r ic  ch loride in  nitrobenzene was not only  novel but y ie ld ed  
high polymer. Although severa l hypotheses e x is t  concerning the  
mechanism o f  o x id a tiv e  p o lyary la tion  none x a s  supported by 
q u an tita tive  data.
Instead  o f  studying the polym erisation reaction  (3 -1 ) the  
dim erisation o f  1-ethoxy naphthalene (5- 1) was chosen as a model 
as monomeric products were considered to  be more e a s i ly  id e n t if ie d .
+ 2HC1
VII
( 5- 1) 2
VI
The d im erisation was sim ilar  to  the polym erisation in  th a t coloured  
so lu tio n s  were obtained on mixing substrate w ith fe r r ic  ch lo r id e . 
These coloured so lu tio n s , green or red depending on the r e la t iv e  
concentrations o f  VI and fe r r ic  ch lor id e , are d iscussed  in  Chapter 
6.
The ra te  o f  rea ction  could be follow ed in  f iv e  ways s
(a) disappearance o f  VI
(b) disappearance o f  fe r r ic  chloride
(c ) appearance o f  VII
(d) appearance o f  ferrous chloride
(c ) appearance o f  hydrogen chloride
Methods ( a ) , ( d )  and (e)  were se le c te d  for study and k in e t ic  
data wore-obtained by measuring the i n i t i a l  ra te  o f  disappear­
ance o f  1-ethoxynaphthalene, by g a s-liq u id  chromatography, and 
the i n i t i a l  ra te  o f  appearance o f  ferrous io n , spectrophoto- 
m etr ica lly . The methods r e l ie d  on ‘ freezing* the rea ctio n  a f te r  
some in ter v a l as a method o f  continuously monitoring the reagents  
in  the reaction  medium was not found.
5*1' The Rate o f  Appearance o f  Hydrogen Chloride 
The sim plest ra te  measurements on reaction  (5 -1 ) were made by 
fo llow ing  the evo lu tion  o f  hydrogen ch lor id e . But as hydrogen 
ch loride was so lu b le  in  nitrobenzene 0 .1  m o l.l a t 25 ) and 
was removed from the apparatus by a stream o f  n itrogen the ra te  
varied  w ith the nitrogen flow  r a te . The s o lu b i l i ty  e f f e c t  was
marked a t low concentrations, for example when 1-ethoxynaphthalene
—3 —1 —3 —1(1 x 10 m o l.l . ) and fe r r ic  ch loride (1 x 10 m o l.l . ) were
stir re d  together no hydrogen ch loride evo lu tion  was detected  u n t i l
20$ o f  VI had disappeared.
This method was th erefore abandoned in  favour o f  methods (a) and
(d) ,  above.
5 .2  The Rate o f  Disappearance o f  1 -Ethoxy-Naphthalene 
When methanol was added to rea ctio n  (5 -1 ) the colour o f  the so lu ­
t io n  changed from red to  yellow  and the concentration o f  
1-ethoxynaphthalene, measured by g a s-liq u id  chromatography (GLC), 
did not decrease over 60 hours. So the reaction  was e f f e c t iv e ly  
" k illed '1, w ith methanol. The p rec is io n  o f  the GLC measurements 
was improved by adding an in tern a l standard, diphenyl ether, to  
the k i l le d  so lu tio n s .
In the f i r s t  experiments, a t 25°, the i n i t i a l  concentration o f  
1-ethoxynaphthalene ( C VI 3^) was 1 -  5 x 10 2 m o l.l . \  and 
samples were tfcken between 10-700 seconds. 20$ o f  VI was found to
have reacted  in  <100 seconds, and >50$ in  700 seconds. At the
' r i -3  -1lower concentration, L VIJ u 1-2 x 10 m o l.l . , which i s  nearo
the lower l im it  o f  accuracy o f  the GLC measurement, a p lo t  o f  
concentration o f  VI aga in st time (F ig  5-1) shows that 20$ o f  VI 
has disappeared in  <40 seconds. These experiments were repeated  
at 7 *2W ( i t  i s  not p o ss ib le  to  work much lower as nitrobenzene  
freezes  a t 5 *7° ) and sim ilar  ra te  p lo ts  were obtained.
The above data f i t  neith er f i r s t ,  second nor th ird  order k in e t ic s  
but showK; th at there i s  a large  d ifferen ce  between the i n i t i a l  
(0-20$) ra te  and the subsequent (20-100$) ra te  o f  rea c tio n . As 
t h is  reaction  obviously  fo llow s a complex ra te  law, the i n i t i a l  
concentration measurements are th erefore important. The i n i t i a l  
ra te  o f  a complex reaction  i s  the most u se fu l part to  study a s ,  
only i n i t i a l l y ,  are the concentrations o f  reactants, and the  
stoichiom etry known w ith cer ta in ty .
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Because th e  e a r l y  p a r t  o f  t h i s  r e a c t io n  could  no t be fo llow ed  by 
low ering  th e  i n i t i a l  c o n c e n t ra t io n  of VI, by low ering  th e  te m p e ra tu re ,  
o r  by sam pling more r a p id l y ,  an independent r e a c t io n  te c h n iq u e  was 
adop ted .  In  t h i s  method a s in g le  r e a c t i o n  was s t a r t e d  by adding  a 
s o lu t i o n  o f  f e r r i c  c h lo r id e  in  n i t ro b e n z e n e  to  a s o lu t io n  o f  VI i n  
n i t ro b e n z e n e ,  th e n  s topped  by adding methanol to  th e  s o l u t i o n .
This  s o lu t i o n  was th e n  made up to  a s ta n d a rd  volume w ith  d ip h en y l 
e t h e r  s o lu t i o n  and m ethanol, and th e  c o n c e n t r a t io n  o f  VI measured ’ 
by GLC. S e v e ra l  independent r e a c t i o n s  were s tu d ie d  to  e s t a b l i s h  a 
r a t e  p lo t  a t  any g iven  i n i t i a l  c o n c e n t r a t io n  o f  VI o r  f e r r i c  
c h lo r id e .  R eac tion  t im es  a s  s h o r t  a s  1-2 seconds were o b ta in e d .
The experim en ts  in  th e  r e s t  o f  t h i s  s e c t io n  (5*2) a re  a l l  based  on 
t h i s  te c h n iq u e .
5*2.1 The Rate o f  D isappearance o f  VI a t  a Constant I n i t i a l  
C o n c e n tra t io n  o f  VI 
I f  th e  i n i t i a l . r a t e  ( R^) o f  d isap p ea ran ce  o f  1-e th o x y n a p h th a len e  i s  
r e p re s e n te d  by e q u a t io n ,  ( 5- 2 )
m n
(5 -2 )  R = k [VI] [FeCl ] o o o 3  o
where [ r e a g e n t ] Q r e p r e s e n t s  th e  i n i t i a l  c o n c e n t ra t io n  o f  a r e a c t a n t  
and m o r  n th e  i n i t i a l  o rd e r  o f  r e a c t io n  w ith  r e s p e c t  t o  t h a t  r e a c t a n t ,  
then  when th e  i n i t i a l  r a t e  o f  r e a c t i o n  i s  measured in  a s e r i e s  o f  
experim en ts  where th e  i n i t i a l  c o n c e n t ra t io n  o f  f e r r i c  c h lo r id e  i s  
v a r ie d  but th e  i n i t i a l  c o n c e n t ra t io n  o f  1-e th o x y n a p h th a len e  i s  k ep t 
c o n s ta n t  eq u a t io n  ( 5- 3 ) a l s o  a p p l i e s .
n
(5 -3 )  E = k ' CFeCl,]o o 3 o
And so , by ta k in g  lo g a r i th m s ,  eq u a t io n  (5 -4 )
(5 -4 )  logR s  lo g  k ' + nlogCFeCl ]C O j  o
h o ld s  and a p l o t  o f  lo g  R a g a in s t  log [F eC l_ ]  w i l l  have a s lo p e  o f  n ,o ;  o
The i n i t i a l  r a t e  o f  d isap p ea ran ce  o f  VI, a t  room te m p e ra tu re ,  was
measured by GLC and th e  independant r e a c t i o n  method. The c u rv es  o f
F ig  5-2 show th e  v a r i a t i o n  o f  c o n c e n t r a t io n  o f  VI w i t h - i n i t i a l  
c o n c e n t r a t io n  o f  f e r r i c  c h lo r id e .  In  each experim ent th e  i n i t i a l  
r a t e  o f  r e a c t io n  (Table  5 -1 )  was e s t im a te d  by drawing th e  ta n g e n t  
to  th e s e  cu rves  a t  t= 0 .  A p lo t  o f  lo g  R0  a g a in s t  log  [F eC l^ ]Q,
F ig  5 -3 i has  a s lo p e
TABLE 5-1
The i n i t i a l  r a t e  o f  d isap p ea ran ce  (R^j) o f  1 -e thox y n ap h th a len e
a g a in s t  [FeCl ] , where [VI] a  1.095x10”^ m ol.l ."*^. j  o o
[FeCl ] q \
10^  (m ol.l ."1 ) 104 ( m o l . l . " 1 sec“ 1 ^
'.1-5  
2 .2 3  
2 .2 3 a 
4 .0 a 
5-34 
8.oa 
1 0 .9 5  
20
2 .7
3 .8
4.1
6.2
8 .9
10.7
25.6
50 .5
a .  Experim ents  under n i t r o g e n
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of  1 .0 8  -  0 . 1 0 . The o rd e r  o f  r e a c t i o n  w ith  r e s p e c t  to  f e r r i c
c h lo r id e  was tak en  as  th e  n e a r e s t  i n t e g r a l  v a lu e , ,  u n i t y ,  which w ith
th e  i n t e r c e p t  o f  th e  p lo t  (T« 28 7 8 ) and th e  v a lu e  o f  m (from
+ _ i
s e c t io n  5 *2 . 2 ) g iv e s  an i n i t i a l  r a t e  c o n s ta n t  kQ = 1 .8 5  -  0 .2 0  l£mol sec 
from eq u a t io n  ( 5- 2 ) .
In  some experim en ts  th e  s o lu t i o n s  were s t i r r e d  and open to  th e  
atm osphere, v/hile in  o th e r s  n i t r o g e n  was blown th rough  th e  s o lu t io n  
to  p ro v id e  bo th  an . inert atm osphere and a g i t a t i o n ' .  F ig  5 -3  shows 
t h a t  th e re  i s  no s i g n i f i c a n t  d i f f e r e n c e  between th e  i n i t i a l  r a t e s  
under  e i t h e r  type  o f  c o n d i t io n s .  There may, o f  co u rse ,  be a d i f f e r e n c e  
in  th e  subsequent r a t e s  o f  r e a c t i o n .
5 -2 .2  The I n i t i a l  F a te  o f  D isappearance o f  VI a t  a C onstan t I n i t i a l
C o n c e n tra t io n  of  F e r r i c  C h lo r id e .
Measurements, a t  25°1 were ag a in  made by GLC and th e  independen t
r e a c t i o n  method. The c o n c e n t r a t io n  o f  VI a g a in s t  tim e p l o t s  (F ig  5 -4 ) ,
se rv e  only  to  i l l u s t r a t e  th e  sm all  v a r i a t i o n  o f  i n i t i a l  r a t e  w ith  [V I] .
. o
A l a r g e r  s c a le  was used to  draw th e  ta n g e n ts  needed to  measure i n i t i a l
r a t e s  (Table 5 -2 ) .  Again th e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between
experim en ts  in  a i r  and n i t r o g e n .  The s lo p e  o f  th e  p lo t  o f  lo g
a g a in s t  lo g  ( i n i t i a l  r a t e )  (F ig  5 -5 )  was 0 .64  -  0 .0 7 .  The o r d e r  o f
r e a c t io n  w ith  r e s p e c t  t o  1-e th o x y n a p h th a len e  (m) was ta k en  a s  one
h a l f ;  and th e  i n i t i a l  r a t e  c o n s ta n t  was c a l c u l a t e d ,  as  b e fo re  a s
k a  1 .84  -  0 .2  1~? . mol. ^  sec o ,
The good agreement between kQ from b o th  s e c t i o n s  (5 -2 .1  and 5 - 2 .2 )  
confirm s th e  i n i t i a l  r a t e  e q u a t io n  ( 5- 5 )-
I :  1 i  j :  I I ■ I |  I
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TABUS 5-2
The i n i t i a l  r a t e  (Ro) o f  d isap p ea ran ce  o f  VI a g a in s t  CVI]^,
where [FeCl 3 = 2 .23*10 J m o l . l  "*.3 o i
Cvi] o
1 0 ^ (m o l. l  "*. )
Ro
10^(m o l . l  "*. sec"'"*.
2 .03 1 .6
5 3 .6
7 .1 4 a 2 .9
10.95 3 .8
10 .95a 4.1
20a . 6 .4  .
30 7.1 .
a .  Experim ents  under n i t ro g e n
X10“ ^  u
lo g  ( I n i t i a l  C o n cen tra t io n  o f  1- e th o x y n a p h th a le n e )
(5 -5 )  . B = k [F e C l , ]  [V I] 4 ^ o o 3 o O
5 .2 .3  The I n i t i a l  Rate o f  D isappearance o f  VI i n  th e  P resence  o f  
Hydrogen C h lo rid e  
The i n i t i a l  r a t e s  o f  d isap p ea ran ce  o f  VI, a t  room te m p e ra tu re ,  were 
measured u s in g  s o lu t i o n s  where CVlDo and [F eC l^ ]Q were kep t c o n s ta n t  
b u t th e  i n i t i a l  c o n c e n t r a t io n  o f  hydrogen c h lo r id e  was v a r i e d ,  by 
u s in g  s o lu t i o n s  o f  hydrogen c h lo r id e  i n  n i t ro b e n z e n e  as  s o lv e n t .
The c o n c e n t ra t io n  o f  VI a g a in s t  time p l o t s  (F ig  5 -6 )  were used to  
c a l c u l a t e  th e  i n i t i a l  r a t e s  (Table 5 -3 ) • .
TABLE 5-3
The I n i t i a l  Rate o f  D isappearance o f  VI A gainst [HCl]^, where
[VI] = [FeCl ] = 5x10~5 m o l . l " 1 .o 3 o
[HCl] 0
■10^ ( m o l . l" 1 )
R
0
10^ ( m o l . l .  1s e c .  1 )
.1
R0
10 ^(m ol. 1 l . s e c . )
560 0
23 0 .3 3 .3
1 1 .2 0 .6 1 .7
3.4 6 0 .17  ■
2 .3 2 .2 0 .4 5
0 9-7 0 .103
In  th e se  experim en ts  th e  i n i t i a l  r a t e  o f  d isap p ea ran ce  o f  I  d ec re ase d
as  th e  i n i t i a l  c o n c e n t ra t io n  o f  hydrogen c h lo r id e  in c r e a s e d .  A lso , in
c o n t r a s t  to  s o lu t i o n s  w ithou t added hydrogen c h lo r id e  which were r e d ,
th e se  s o l u t i o n s  were e i t h e r  not red ,  o r  th e  red  c o lo u r  d is a p p e a re d
q u ic k ly .  The r a t e  o f  d isap p ea ran ce  o f  th e  red  c o lo u r  in c re a s e d  w ith
[HCl] . o
F ig  5- 6 1 The Rate) o f disappearance df il-etliox; 
he fjresericei-of -HClv ‘ r~T"1 r'”; ! - ! I ; • . I-
 CHd].. ..   :____ i....
100 Time ( s e c s )
An I n i t i a l  R a te  E q u a t io n  ( 5 - 6 )
(5 -6 )  Ro s  ko[FeCl ] [V I]^5 0  o
, , [HC1-,
1 + k 1 ] o
a l lo w s  f o r  th e  in v e r s e  dependance o f  th e  i n i t i a l  r a t e  on th e  i n i t i a l  
c o n c e n t r a t io n  o f  hydrogen c h l o r i d e .  Under th e  experim en ta l  
c o n d i t io n s  chosen h ere  th e  e q u a t io n  red u ces  to  ( 5 - 7 )
(5 -7 )  Rq = k
1+k „[H Cl]a 1 o
which can be rea r ran g e d  to  (5- 8 ),
(5- 8 ) _ i  _ 1 k„ 
E “  1? + - Jo
1 a ^ + I?" LHC1-1o
1 o5 2
When 1 (Table  5 -3 )  was p l o t t e d 'a g a i n s t  [HCl] , [HCl] and [HCl]
. o o o
Ro
t h e  on ly  s t r a i g h t  l i n e  was o b ta in ed  when a s  1 . (F ig  5 -7 ) -  The s lo p e
o f  t h i s  l i n e  1*36 x 10^ mol. ^ l ^ . s e c  and th e  i n t e r c e p t  1 .2  x 10 .^ mol  ^ l . s e c
, 1 j .  —1 1 —1
g iv e  v a lu e s  o f  kQ = 2 . 4 - 0 .2  1^ .  mol 2 s e c .  (5- 6 ) and k^= 1130  -  100 l .m o l
(e q u a t io n  5- 8 ) .
I f  th e  hydrogen c h lo r id e  i s  assumed to  complex w ith  f e r r i c  c h l o r i d e ,  
a s  in  r e a c t io n  ( 5- 9 ) then  th e  i n i t i a l  r a t e  e q u a t io n
K1(5 -9 )  HCl + FeCl^ <£~~ H + FeCl^ 
becomes (5- 1 0 ) dependent on th e  c o n c e n t r a t io n
|Fig 5 -7  the Variatjion o f  ith? I n i t i a l  Rate o f  Dj 
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(5 -1 0 )  R * k C V IF  ( [ F e C l , ]  -x  ) o o o 5  o
o f  uncomplexed f e r r i c  c h l o r i d e .  The c o n c e n t r a t io n  o f  complexed
f e r r i c  c h lo r id e  (x )  i s  d e r iv e d  from th e  e q u i l ib r iu m  e x p re s s io n  ( 5- 1 1 )
(5 -1 1 )  K„ = x
( [F e C l , ]  - x )  ([HCl] - x ) .3 o o
and can th e r e f o r e  be c a l c u l a t e d  f o r  each o f  th e  experim en ts  (Table 5 - 4 ) .  
The wide s c a t t e r  o f  r e s u l t s  i s  p robab ly  due to  th e  e r r o r s  in  
m easuring th e  c o n c e n t r a t io n  o f  VI, and hence th e  i n i t i a l  r a t e  o f  
r e a c t i o n ,  in  th e  p resen ce  o f  hydrogen c h lo r id e  which tended  to  co rro d e  
th e  d e t e c t o r  i n  th e  g a s - l i q u id  chrom atograph.
The i n i t i a l  r a t e  e x p re s s io n  (E quation  5 -5 )  i s  t h e r e f o r e  seen to  
change on a d d i t io n  o f  hydrogen c h l o r i d e .  As hydrogen c h l o r i d e  i s  
formed d u r in g  th e  r e a c t io n  th e  subsequent r e a c t io n  e q u a t io n  may be 
complex w ith  te rm s t h a t  a l low  no t on ly  f o r  a dependence on hydrogen 
c h lo r id e  but a l s o  f o r  o th e r  r e a c t io n  p ro d u c ts  ( f e r r o u s  c h lo r id e  
o r  V I I ) .  . - ; .
5 .3  The Rate o f  Appearance of  F e rro u s  Ion
Three methods f o r  fo l lo w in g  th e  appearance o f  f e r r o u s  ion  were 
e v a lu a te d .  A method u s in g  independent r e a c t i o n s  and c o lo u r im e try  
gave th e  most p r e c i s e  r e s u l t s .
5*3-1 The Rate o f  Change o f  th e  F e r r o u s - F e r r i c  Redox P o t e n t i a l  
The r a t e  o f  change o f  emf o f  r e a c t i o n  (5-1.) was measured a t  a 
p la t in u m  e l e c t r o d e ,  w ith  r e s p e c t  to  a m e thano lic  calom el e l e c t r o d e ,  
in  th e  s o l u t i o n . ,
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TABLE 5 -4
The e q u i l ib r iu m  c o n s ta n t  (K^) f o r  th e  complex between FeCl. 
and HCl.
LHC1]q [ x ]
103 (mol l " 1 ) 103 (mol 1~1 ) 10" 3 ( 1 mol“ 1 )
560 5 .0  -
23 4 .82  1 .47
1 1 .2  4 .6 5  2 .0 3
3 .4  1 .47  0 .22
2 .3  3-71 -2 .0 4
When s o lu t i o n s  o f  VI and f e r r i c  c h lo r id e  in  n i t ro b e n z e n e  were 
mixed th e r e  was an in s ta n ta n e o u s  change in  emf, co rre sp o n d in g  to  
the  appearance  o f  th e  red c o lo u r .  The i n i t i a l  r a t e s  o f  change o f  
emf (mv) (Table  5 -5 )  were measured as  th e  ta n g e n ts  to  th e  emf 
a g a in s t  tim e cu rves  a t  ze ro  t im e .  The d a ta  d isp la y e d  a wide 
s c a t t e r  so on ly  g e n e ra l  o b s e rv a t io n s  were p o s s i b l e ,  such a s  th e
tv
in c r e a s e  in  i n i t i a l  r a t e  w ith  [VT3q and th e  ap p aren t  f l u c t u a t i o n  in
i n i t i a l  r a t e  w ith  [HCl] .o
To equa te  th e  measured emf w ith  c o n c e n t r a t io n  o f  f e r r o u s  o r  f e r r i c  
ion  th e  system must be r e p re s e n te d  by th e  Nernst e q u a t io n  ( 5- 1 2 ) ,
(5 -12 )  E = E° -  RT I n .  [o x id iz e d ]
nF [ red u ced ]
which in  t h i s  case  reduces  to  ( 5- 1 3 )*
( 5 - 1 3 ) E = E° + 0 .059 lo g .  [ Fe?+]
[Fe2+]
t h a t  i s  a p lo t  o f  emf(E) a g a in s t  lo g  [Fe ]
[Fe2+]
should  be l i n e a r .
The system was c a l i b r a t e d  by t i t r a t i n g  a s o lu t i o n  of f e r r i c  c h l o r i d e
/ -4in  n i t ro b e n z e n e  w ith  ’’completed r e a c t i o n ” s o lu t i o n  (a  5x10  m olar
r e a c t io n  under n i t r o g e n  f o r  l 8h) and m easuring  th e  emf a f t e r  th e
3+a d d i t io n  o f  each a l i q u o t .  As a p l o t  o f  l o g[Fe ] a g a in s t  emf
[Fe2+]
(F ig  5 -8 )  was not l i n e a r  the, system in  n i t ro b e n z e n e  was assumed no t 
t o  be N e rn s t ia n ,  The method was not used  f u r t h e r  because  t o  c a l c u l a t
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T a b le  3 - 3
The change in  emf w ith  tim e w ith  [ I ]  and [HCl] , where [FeCl ]o o 3 o
4 .7  x 10 4 mol. 1~ \
[ I ]  [HCl]o o d(mv3^
d t ^ O
104 (m o l . l” 1 ) 104 (mol. l “ 1 ) .  (mV s e c " 1 )
4 .7  0  2 2 .2
4 .7  0 22 .2
. 1 - 9  0 1 0 .4
1.9 0  3 . 1  :
1.9  0 7 .1
0 .9 3  0 3 .2
0 .9 5  0 2 .2
0-95 0 1 .6
0 .9 5  5 -3  12
0 .9 5  2 .7  20
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th e  c o n c e n t r a t io n  o f  f e r r o u s  from emf would r e q u i r e  a c a l i b r a t i o n  
experim ent every  t im e  th e  i n i t i a l  c o n c e n t r a t io n s  o f  r e a g e n ts  were 
a l t e r e d .
5*3-2 The Rate o f  Appearance o f  F e r ro u s ,  a s  Measured by T i t r im e t r y
The r a t e  o f  appearance  o f  f e r r o u s  was measured by t i t r a t i n g  samples
a g a in s t  e e r i e  s u lp h a te ,  bu t a s  th e  samples were in  n i t ro b e n z e n e  and
— 3 —*1th e  e e r i e  s u lp h a te  was aqueous a h ig h  c o n c e n t r a t io n  (>1x10 mol. 1 ) 
o f  f e r r o u s  io n  was r e q u i r e d  to  g iv e  r e p ro d u c ib le  r e s u l t s .  The h igh  
i n i t i a l  c o n c e n t r a t io n s  o f  VI and f e r r i c  c h lo r id e  and th e  r a p id  
sam pling r e q u i r e d  to  meet t h i s  c o n d i t io n  made t h i s  te c h n iq u e  l e s s  
fa v o u ra b le  th a n  one based  on th e  independen t r e a c t io n  method.
r* 2  *i* q5 . 3 . 3 .  The Measurement o f  [Fe j  S p e c t ro p h o to m e t r ic a l ly
The sp e c tro p h o to m e tr ic  e s t im a t io n  o f  f e r r o u s  io n  by complexing w ith
1151 , 10- p h e n a n th ro l in e  i s  an accep ted  a n a l y t i c a l  t e c h n iq u e .
1l 6 2 +Margeum and Banks have measured th e  [Fe ] i n  n i t ro b e n z e n e  by '
t h i s  method.
The f e r r o i n  complex was a l so  found to  absorb  i n  th e  v i s i b l e  r e g io n
C}\ max s  510 .nm.) in  m ix tu re s  o f  m e th a n o l/n i t ro b e n z e n e  (from
4 -100  v/v% ), i n  which i t  obeyed B e e r 's  Law f o r  c o n c e n t r a t i o n s  o f
- 4 - 1f e r r o u s  ion  „< 1 .3  x 10 mol. 1 . I n i t i a l  k i n e t i c  ex p er im en ts  were
c a r r i e d  out on independent r e a c t i o n s ,  by k i l l i n g  w ith  m ethano l,  add ing
a s tan d a rd  s o lu t i o n  o f  1 , 10-p h e n a n th ro l in e  i n  m ethanol, and m easuring
th e  absorbances  o f  th e  s o lu t i o n s  a t  >10 nm. The abso rbances  however
117 118in c re a s e d  on s ta n d in g .  C lark  1 found a  s i m i l a r  i n s t a b i l i t y  o f
f e r r o i n  complexes, i n  th e  p resen ce  o f  f e r r i c  io n ,  in  aqueous s o lu t i o n s
and s t a b i l i s e d  th e  s o lu t i o n s  by adding p h o sp h a te .  When th e  above
k i n e t i c  experim en ts  were r e p e a te d  and p hosphoric  ac id  i n  m ethanol was
added to  th e  k i l l e d  s o l u t i o n s ,  th e  abso rbances  o f  th e s e  s o lu t i o n s
2 +(Table  5 -6 )  in c re a s e d  by <1$  in  1h . Measurements o f  [Fe J ,  d e sc r ib e d  
in  th e  r e s t  o f  t h i s  s e c t io n  ( 5— 3 )? were made by spec tro p h o to m etry  on 
s o lu t i o n s  t h a t  had not been s to re d  f o r  >1h.
The method was c a l i b r a t e d  w ith  s o lu t i o n s  o f  known c o n c e n t r a t io n  o f  
F e (o -phen )^  2C10^ in  n i t ro b e n z e n e /m e th a n o l ,  in  th e  p re sen ce  o f  . 
phosphoric  a c id ,  and was found to  obey B e e r 's  Law (F ig  9 -2 )*
The e x t i n c t i o n  c o e f f i c i e n t  o f  th e  f e r r o i n  complex was found t o  be 
1 2 ,1 0 0  1 . mol"*^. cm ^ .
5*3*4 The I n i t i a l  Rate o f  Appearance o f  F e r ro u s  io n  a t  C onstan t
I n i t i a l  C o n cen tra t io n  o f  VI.
The i n i t i a l  r a t e s  o f  appearance o f  f e r r o u s ,  a t  20° and u n d e r  n i t r o g e n ,
were measured a t  a c o n s ta n t  i n i t i a l  c o n c e n t r a t io n  o f  VI and v a r io u s
i n i t i a l  c o n c e n t r a t io n s  o f  f e r r i c  c h lo r id e  (F ig  5 -9 ,  5-1 0  and Table  5-7)*
The i n i t i a l  r a t e  p l o t s  o f  lo g  ( i n i t i a l  r a t e )  a g a in s t  logCFeCl^]^
(F ig s  5 -11 , 5- 1 2 ) were s t r a i g h t  l i n e s  f o r  b o th  s e t s  o f  d a ta ,  w ith
s lo p e s  o f  1 . 10+0 .0 5  and 1 . 16+0 . 1 2 , confirm ing  th e  i n i t i a l  o rd e r  o f
r e a c t io n  w ith  r e s p e c t  to  f e r r i c  c h lo r id e  a s  u n i t y .  The h ig h e r  i n i t i a l
4 ' 1 -1
c o n c e n t r a t io n  d a ta  g iv e s  k = 3*24+0.3 l 2 .m ol2 . s e c  and th e  o th e r  
4 - 4 - 1
kQ=5*6+ 0 .4 7  I ' . m o l 2.s e c  . Because th e  i n i t i a l  r a t e  o f  appearance
o f  f e r r o u s  ion  was l e s s  in  th e  l a t t e r ,  and th e  t a n g e n ts  to  th e  r a t e
cu rves  more e a s i l y  drawn, th e  i n i t i a l  r a t e s  and kQ should  be more
4  4 -1a c c u ra te ,  and th e  v a lu e  o f  5*6 + 0 .4 7  1 .mol .sec** i s  ta k e n  a s  th e  
b e t t e r  v a lu e .
TABLE 5 - 6
The Absorbances o f  Some ' k i l l e d '  r e a c t i o n  so lu tio n is  w ith  added H_PO.3 4
R eac tion  Absorbance a t  512 nm.
Time -  Time from P re p a ra t io n
(S e c s  ^ (10  min) ( l . 5h) ( l 9h)
0 0 0 0
1 .8  0 .8 5  -  0 .9 6
2 .4  0.91 -  O.9 8
2 .8  1 .0 5  1 .0 5  1 .0 7
4 .2  1 .13  1 .13  1 .15
6 .7  1 .1 6  1 .1 6  1 .1 8
8 .8  1 .1 7  1 .1 8  1 .1 9
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TABLE 5 - 7
The I n i t i a l  Rate (Ro ) o f  Appearance o f  F e r ro u s  Ion  A gainst
[FeGl ] a t  Two Fixed Values o f  [ VI] .3 o o
CVIJ [FeCl_] Ro 3 o o
105 ( r a o l . l " 1 ) ( m o l . I " 1 . )  104 (m o l . l“ 1 . s e c “ 1 );
10.93  1 .3  4
" 2 .2 3  7
"  4 10
3-54 17
8 28
10.95  38
" 20 75
0 .1  1 .0  0 .5 5
0 .7 8  0 .4 3
" . 0 .47  0 .23
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5.3*5  The I n i t i a l  f e t e  o f  Appearance o f  F e rro u s  a t  a C onstan t
I n i t i a l  C o n cen tra t io n  o f  F e r r i c  C h lo r id e
The i n i t i a l  r a t e s  o f  appearance of f e r r o u s  io n  were measured in
two s e t s  o f  e x p e r im e n ts ,a t  20° and under  n i t r o g e n ,  where th e
i n i t i a l  c o n c e n t r a t io n  o f  VI was c o n s ta n t  and th e  i n i t i a l
c o n c e n t r a t io n  o f  f e r r i c  c h lo r id e  was v a r ie d  (F ig  5-13i and
Table 5 - 8 ) .  The p l o t s  o f  lo g  (Fq ) a g a in s t  logCVI]^ (F ig s  5-14
and 5 -1 5 ) ,  had s lo p e s  o f  0 ,48  + 0 .0 3  and 0 .57  + 0 .0 6 ,  co n firm ing
th e  i n i t i a l  o rd e r  o f  r e a c t io n  w ith  r e s p e c t  to  1 -e th o x y -
n ap h th a len e  a s  one h a l f .  The v a lu e s  o f  th e  i n i t i a l  r a t e
1 _ 1
c o n s ta n t  from th e s e  l i n e s  were 3*0 + 0 .2 6  l^ .m o l  ^ . s e c . ,  f o r  th e
1  _1
h ig h e r  c o n c e n t r a t io n  exp er im en ts ,  and 6 .0  + 0 .6 1  l 2 .mol . s e c .  
f o r  th e  low er ones .  These compare w e ll  w ith  th e  v a lu e s  o f  kQ in
4 - 4  - 1 -th e  l a s t  5*3 .4  s e c t i o n  o f  3*24 + 0 .3  1 .m ol2 .s e c  and 5*6 +
4 4 - 1
0 .47  1 .m ol. sec .
5*4 C onclusions
From th e  s to ic h io m e try  of. th e  r e a c t io n  (5 -14)
( 5 - 1 4 ) VI + FeCl s  -JVII + FeCl + HC1 
5 ' £
i t  fo l lo w s  t h a t  th e  c o n c e n t ra t io n  o f  VI, a t  any tim e shou ld  be
th e  same a s  th e  i n i t i a l  c o n c e n t ra t io n  o f  VI minus th e  
c o n c e n t ra t io n  o f  f e r r o u s  ion  (5 -1 5 ) .
(5 - 1 5 ) [V I]t  « [V I]o -  [Fe2+] t
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TABLE 5 -8
I n i t i a l  Rate o f  Appearance o f  F e rro u s  Ion  a t  Constant [FeCl^]^.
[FeCl ] [V I] R
3 ° o o
10^ (m o l . l  *1) 10^ (m o l . l  \ )  10^ (m o l . l  / ^ . s e c  \
2 .2 3  2 .03  3
" 3-0  5
” 7 .14  3 -3
" 10.95  7
"  20 ■■ 9 . . . . . .  .
”  30  11
1 .0  0 .0 4 6  0 .3 8
" 0 .1 0  0 .5 5
n 0 .1 5 4  0 .71
" 0 .2 0  1 .04
" 0 .3 0 8  1 .1 2
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10
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A  V e r i O r a p l i  p a p e r
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T h ere fo re  th e  r a t e  o f  appearance o f  f e r r o u s  io n  should equa l th e  
r a t e  o f  d isap p ea ran ce  o f  VI provided, t h a t  t h e r e  i s  no a p p re c ia b le  
c o n c e n t r a t io n  o f  any in t e r m e d ia te s .  The experim en ts  in  t h i s  
c h a p te r  show t h a t  th e  r a t e  o f  appearance o f  f e r r o u s  i s  g r e a t e r  
th an  th e  r a t e  o f  d isap p ea ran ce  o f  VI, even though th e  change in  
r a t e  w ith  i n i t i a l  c o n c e n t ra t io n  fo l lo w s  th e  same p a t t e r n ,  t h a t  
i s  th e  o rd e r s  o f  r e a c t i o n  w ith  r e s p e c t  to  VI and f e r r i c  c h lo r id e  
a re  th e  same. So a t  any tim e th e  observed  c o n c e n t r a t io n  o f  
f e r r o u s  i s  g r e a t e r  t h a t  expec ted  (5- 1 6 ) ,  o r  th e  observed
c o n c e n t r a t io n  o f  VI l e s s  th an  ex p ec ted .
This  o b s e rv a t io n  may be ex p la in e d  by c o n s id e r in g  an in t e r m e d ia te
Now, a t  any tim e  t ,  VI has  been consumed i n  forming b o th  X and VTI, 
bu t f e r r o u s  io n  i s  formed only  when VII i s  formed. When methanol- 
i s  added to  th e  r e a c t io n  s o lu t i o n  th e  c o n c e n t r a t io n  o f  f e r r o u s  io n  
i s  f ro z e n ,  bu t th e  eq u i l ib r iu m  p a r t  o f  th e  r e a c t io n  i s  changed
c o n c e n t r a t io n  o f  VI^ The measured c o n c e n t r a t io n  o f  f e r r o u s  i s  
th e r e f o r e  th e  same as  th e  c o n c e n t r a t io n  in  s o lu t i o n  a t  th e  tim e 
o f  k i l l i n g ,  bu t th e  measured c o n c e n t r a t io n  o f  VI i s  g r e a t e r  th a n  
th e  a c t u a l  c o n c e n t r a t i o n .  So, a t  any tim e t ,  eq u a t io n  ( 5 - 1 8 ) a p p l i
(5 -1 6 )  [Fe2+1  > -  K 3 .t  O t
( o r  in te rm e d ia te s )  in  e q u i l ib r iu m  w ith  VI, (5*-17)*
(5 -1 ? )  VI + FeCl^ X
( th u s  d e s t ro y in g  th e  co lou red  s o lu t i o n )  and so i s  th e  a c t u a l
(5- 18) (m 0- CFe2^  - M]measured = d o .
T his  s i t u a t i o n  a r i s e s  because  th e  c o n c e n t r a t io n  o f  in t e r m e d ia te  
i s  l a r g e  (o f  th e  same o rd e r  a s  [V I ] ) ,  and th e  measurements o f  
[V I] a re  not perform ed on th e  r e a c t io n  s o l u t i o n .
The form o f  th e  i n i t i a l  r a t e  e q u a t io n  (5 -7 )  su g g e s ts  t h a t  th e  
r a t e  d e te rm in in g  s te p  o f  th e  r e a c t io n  in v o lv e s  a d im eric  s p e c ie s  
o f  VI. The r e a c t io n  cou ld  be c o n s id e re d  to  ta k e  p la c e  in  two 
p a r t s :  d im e r i s a t io n  (5 -1 9 ) i an a l l
(5 -1 9 )  VI + FeCl — [ VI ] * + FeCl + Cl*
y \  e-
[VI ] t  + VI — ^ [V I-V I] t
e q u i l ib r iu m  p ro c e s s ;  fo llow ed by dehydrogena tion  ( 5- 2 0 ) a 
n o n -e q u i l ib r iu m  p ro c e s s .
(5 -2 0 )  [V I-V l]?  + FeCl2 + Cl" ^  VI-VI + FeCl^
pnq
■VI-VI + 2FeCl — > VII + 2FeCl + 2HC15 2
I t  i s  t h e r e f o r e  p o s s ib le  t h a t  th e  dehydrogena tion  s te p  i s  r a t e  
d e te rm in in g ,  a s  i t  in v o lv e s  a d im eric  s p e c ie s .  In  t h i s  scheme 
a l l  th e  s t e p s  b e fo re  dehydrogena tion  a re  e q u i l i b r i a  which a r e  
presumed to  s h i f t  on th e  a d d i t io n  o f  m ethanol, and th u s  cause  a 
d i f f e r e n c e  between measured [VI] and [VI] c a l c u l a t e d  from th e  
c o n c e n t r a t io n  o f  f e r r o u s  io n .
The k i n e t i c  measurements were c a r r i e d  ou t a t  lo n g e r  t im es  th a n  
th o se  ta k en  f o r  th e  maximum c o n c e n t r a t io n  o f  in t e r m e d ia te s  to  
be reached ,  so t r u e  i n i t i a l  r a t e s  o f  r e a c t i o n  may no t have been 
measured (C hap ter  6 ) .  The r a t e  eq u a t io n  and th e  r a t e  c o n s ta n t  
d e r iv e d  from th e s e  d a ta  a r e ,  however, u s e f u l  f o r  d e te rm in in g  r a t  
o f  r e a c t i o n  under d i f f e r e n t  c o n d i t io n s  even though  th e y  may not 
p ro v id e  p o s i t i v e  p ro o f  o f  a p a r t i c u l a r  mechanism.
CHAPTER 6
STUDIES OF THE INTERMEDIATES OF THE DIMERISATION
OF 1-ETHOXYNAPHTHALENE
The k i n e t i c  s t u d i e s  (C hap ter  5) have shown t h a t  th e  i n i t i a l  r a t e  
o f  d is ap p ea ran ce  o f  1-e th o x y n a p h th a len e  d i f f e r s  from th e  i n i t i a l
i n d i c a t i n g  th e  p re sen ce  o f  an in t e r m e d ia te .  When s o lu t i o n s  o f  VI and 
f e r r i c  c h lo r id e ,  in  n i t ro b e n z e n e ,  were mixed a red  o r  g reen  s o l u t i o n  
was o b ta in e d ,  which s u g g e s ts  th e  p re sen ce  of more th an  one 
in t e r m e d ia te .
These co lou red  s o lu t i o n s  were s tu d ie d  by v i s i b l e  and e l e c t r o n  sp in  
resonance  sp ec tro sco p y ,  and th e  d a ta  o b ta in e d  vTCte. used  to  p ropose  a 
mechanism f o r  th e  r e a c t io n  ( 6- 1 ) .
6 .1 V is ib le  S p e c t ro s c o p ic  S tu d ie s
The r a t e  o f  d im e r i s a t io n  o f  1-e th o x y n a p h th a len e  could  no t be 
fo llow ed  b y l iL t r a -v io le t  sp ec tro sco p y  as  bo th  th e  s u b s t r a t e s  and 
p ro d u c ts  absorb in  th e  u l t r a - v i o l e t  r e g io n  (Table 6- 1 ) where . 
n i t ro b e n z e n e  abso rbs  s t r o n g ly ,  w ith  a cu t d f f  a t  450 nm ( in  th e  
v i s i b l e  r e g io n ) .  The UV s p e c t r a  o f  VI and VII a re  s i m i l a r  t o  each
r a t e  o f  appearance o f  f e r r o u s  io n  in  r e a c t io n  (6- 1 )
PhNO.
(VI) (V II)
o th e r  w ithXmax c lo se  t o g e th e r ,  u n l ik e  th e  s p e c t r a  o f  a n i s o l e  
(multi p e a k s ,X  max = 271 nm) and 4 , 4 ' -d im ethoxy  b ip h e n y l (b road  peak 
Xmax a 265 nm). The s i m i l a r i t y  in  th e  s p e c t r a  o f  n a p h th y l  and •
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TABLE 6 -1
The UV Spectra, o f  S u b s t r a t e s  o f  th e  S c h o l l  R eac tion , in  95$ E th an o l
Component • max Emax
(nm) ( l  mol cm )
VI 257 15,800
292 5,600
VII 240 17,000
303 13,700
FeCl (aq) 233 3 ,700
jp
PhNO^ 268.5 7,800
b in a p h th y l  compounds i s  a t t r i b u t  ecT" to  th e  absence o f  c o n ju g a t io n  
between jo in e d  r in g s ,  caused by s t e r i c  i n t e r a c t i o n  (F ig  6- 1 ) 
between p e r i-h y d ro g e n  atoms -  th o s e  in  th e  8 and 8 ' p o s i t i o n s .
(F ig  6 -1 )
The v i s i b l e  s p e c t r a  o f  co lo u red  in t e r m e d ia te s  o f  th e  r e a c t i o n  can 
be reco rded  in  n i t ro b e n z e n e ,  because  they  absorb  a t  w av e - le n g th s  
g r e a t e r  th a n  450 nm. S o lu t io n s  o f  f e r r i c  c h lo r id e  ( p u r i f i e d  by 
su b l im a t io n )  i n  n i t ro b e n z e n e  ( p u r i f i e d  by vacuum d i s t i l l a t i o n  from 
f e r r i c  c h l o r i d e ) ,  and VI o r  VTI i n  n i t ro b e n z e n e  do no t absorb  i n  th e  
v i s i b l e  ( 450-800  nm) r e g io n .  F e r r i c  c h lo r id e  in  u n p u r i f i e d  
n i t ro b e n z e n e  has  a weak a b s o rp t io n  which may be due to  a complex 
w ith  a n i l i n e ,  a t r a c e  im p u r i ty .  However, s o lu t i o n s  c o n ta in in g  b o th  
f e r r i c  c h lo r id e  and VI, o r  V II, p roduce co lo u red  s o l u t i o n s  t h a t  
absorb  between 450 and 800  nm. The s p e c t r a  v ary  w ith  th e  r e l a t i v e  
c o n c e n t r a t io n s  o f  VI, VII and FeCl^ (Table  6-2  and F ig s  6 -2 ,  6 -3 ,  
6 -4 ,  6-5  and 6- 6 ) .  The red  s o l u t i o n s  (F ig s  6 -2  and 6- 6 ) had 
a b s o rp t io n s  > t A  max = 495 and 530 nm, th e  g reen  s o lu t i o n s  
(F ig s  6-4  and 6- 5 ) had A max ~  670 nm, and th e  brown s o l u t i o n s  
(F ig  6 -3 )  th e  f e a t u r e s  o f  bo th  th e  red  and g re e n .  A l l . t h e  
a b s o rp t io n s  dec reased  w ith  t im e ,  d u r in g  1 -2 0  m inu tes  a f t e r  m ix ing . 
The red s o lu t i o n s  from b o th  VI and V II, w ith  f e r r i c  c h l o r i d e ,  had 
i d e n t i c a l  s p e c t r a ,  which i n d i c a t e s  e i t h e r a s i n g l e  i n t e r m e d ia te  o r  
in t e r m e d ia te s  o f  very  s i m i l a r  s t r u c t u r e .  The g reen  s o l u t i o n s ,
I ft I
TABLE 6 - 2
V is ib le  S p e c t ra  o f  th e  Coloured S o lu t io n s  Obtained in  th e  D im e r is a t io n  
( 6- 1 ) o f  1-E thoxynaph thalene  (VI) w ith  F e r r i c  C h lo r ide
[FeCl ]
3 °
105 (mol 1“ 1 )
[ v n o
103 (mol l " 1 )
Colour o f  
S o lu t io n
T y p ica l  
Example 
(Fig. No)
3 .0 ^ 0 .8 red 6 -2
0 .5 brown 6-3
< 0 .2 green 6-4
4 .5  -  45 1 red 6 -2
0 .2 2 > 0 .15 red 6 -2
£  0 .03 g reen 6-4
1 .8 0 .2 green 6-4.
1 .4  . 0 .6 n 6-4
1 .2 0 .8 brown 6-3
1 .0 1 .0 red 6 -2
0 .8 1 .2 u 6 -2  ■
0 .6 1.4 t! 6 -2
[V II] o
8 .7 ^  0 .13 green 6-5
6 .7 >>0.33 red 6 -6
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however, from VI o r  VII w ith  f e r r i c  c h l o r i d e ,  had a maximum a b s o rp t io n
tlicit s h i f t e d  w ith  t im e , i n d i c a t i n g  th e  p resen ce  o f  m o re 'th an  one s p e c ie s .
These red and green s o lu t i o n s  were a l s o  seen  in  n i t ro m eth an e  s o lu t io n
w ith  ^  max a t  4^2,526 and 6^0  nm, which a re  c lo s e  enough to
th o se  in  n i t ro b e n z e n e  to  sugges t t h a t  th e  c o lo u rs  .are due to  s p e c ie s  .
d e r iv e d  from th e  s u b s t r a t e s ,  and no t from th e  s o lv e n t .  - The red  and
43 ; . ' _ ■ ■
green  s o lu t i o n s  were a l s o  observed when VI o r  VII were d i s s o lv e d  in
s u lp h u r ic  a c id ,  th e  s p e c ie s  a re  th e r e f o r e  not d e r iv e d  from f e r r i c
c h l o r i d e .
6 .1 .1  A .Rapid Mixing Technique
The co loured  s o lu t i o n s  were formed so r a p id ly  t h a t  i t - w a s  not p o s s i b l e  
to  observe th e  r a t e  o f  fo rm a tio n  o r  i n i t i a l  r a t e  o f  decay o f  t h e i r  
abso rbances  by mixing s u b s t r a t e  and f e r r i c  c h lo r id e  s o lu t i o n s  in  a 
f l a s k  and then  t r a n s f e r r i n g  th e  co lou red  s o lu t i o n  to  th e  s p e c tro m e te r  
c e l l .  The sp e c tro m e te r  (Unicam SP 800B )w as  th e r e f o r e  m od if ied  (P.lx3» ) 
to  speed up th e  m ix in g - to -sc a n n in g  tim e , and o b s e rv a t io n s  were th e n  
made w ith in  1 -2  seconds o f  m ixing.
When an equ im olar  s o lu t io n  o f  VI and VII was r a p id ly  mixed w ith  a 
f e r r i c  c h lo r id e  s o lu t i o n  th e  spectrum (F ig  6 -7 )  o f  th e  red  s o lu t i o n  
was i d e n t i c a l  to  t h a t  o b ta in ed  by r a p id ly  mixing VI o r  V II 'a lo n e -  w ith  
f e r r i c  c h l o r i d e .  So, whenever VI and f e r r i c  c h l o r i d e ,  o r  VII and 
f e r r i c  c h lo r id e  s o lu t i o n s  a re  p rep a red  th e  red  c o lo u r  i s  due to  on ly  
one in te rm e d ia te  s p e c ie s .  When s o lu t i o n s  o f  VI o r  VII i n  n i t ro b e n z e n e  
were added to  a green s o lu t i o n  a red  s o lu t i o n  was formed (F ig  6- 8 ) .
The r a t e  o f  in c re a s e  o f  absorbance o f  t h i s  s o lu t i o n  was o f  th e  same 
o rd e r  as  th e  r a t e  o f  in c re a s e  o f  absorbance o f  a red  s o lu t i o n  p re p a re d  
from VI and f e r r i c  c h lo r id e  d i r e c t l y .  The s p e c ie s  g iv in g  th e  red  
s o lu t io n  must t h e r e f o r e  bo 'fo rm ed  from th e  s p e c ie s  g iv in g  th e  g reen  
s o lu t io n  in  c o n se c u t iv e  r e a c t i o n s  ( 6- 2 )
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and no t c o m p e ti t iv e  r e a c t io n s  (6-3)*
PhN02 .
(6 -3 )  VI (o r  V II) + FeCl -----> g reen  s o lu t io n
3
PhNO 
red s o lu t io n
6 .1 .2  The Rate o f  In c re a s e  o f  Absorbance o f  th e  Coloured S o lu t io n s
The f a s t  mixing te ch n iq u e  allowed th e  r a t e  o f  in c re a s e  of abso rbance  
o f  th e  co loured  s o lu t i o n s ,  a s  w e ll  as  th e  r a t e  o f  d ec re a se  from a 
maximum v a lue  to  be observed .
When s o lu t i o n s  o f  VI o r  VII were mixed w ith  s o lu t i o n s  o f  f e r r i c  c h l o r i d e ,  
a t  c o n c e n t r a t io n s  such th a t  red s o lu t i o n s  were formed, th e  r a t e  o f  
in c r e a s e  o f  absorbance was too  f a s t  to  m easure. This was because  th e  
maximum absorbance was reached a t  about th e  same tim e , o r  j u s t  a f t e r ,  
m ixing, so t h a t  a l th o u g h  th e  maximum absorbance could  be measured i t s  
r a t e  o f  fo rm ation  was obscured by machine s t a r t  up. At c o n c e n t r a t i o n s  
o f  VI o r  VII where g reen  s o lu t i o n s  were formed th e r e  was d i f f e r e n t  
b eh av io u r .  The a b s o rb a n c e .o f  th e  g reen  s o lu t io n  p rep a red  from VI and 
f e r r i c  c h lo r id e  reached  a maximum v a lu e  in  l e s s  than  th e  m ixing t im e ,  
t h a t  i s  f a s t e r  than  th e  red  s o l u t i o n s .  But th e  absorbance  o f  th e  g reen  
s o lu t io n  from I I  and f e r r i c  c h lo r id e  reached a maximum v a lu e  more s low ly  
(F ig  6 -9 ) .  The com parative  r a t e s  o f  r e a c t io n s  (6 -4 )  a re  t h e r e f o r e
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(6 -4 )  VI + FeCl^
VI + FeCl •
VII + FeCl
5
VII + FeCl
The maximum c o n c e n t r a t io n s  o f  th e  s p e c ie s  g iv in g  red  and g reen  s o l u t i o n s  on 
mixing VI and f e r r i c  c h lo r id e  were g e n e r a l ly  reached in  l e s s  tim e than  
i n i t i a l  measurements o f  th e  r a t e  of appearance o f  f e r ro u s  io n ,  o r  th e  r a t e  
o f  d isap p ea ran ce  o f  VI, were made.
6 .1 .3  The Fate  o f  D ecrease of th e  Absorbance o f  th e  Coloured S o lu t io n s  
(A)The abso rbances  o f  th e  g reen  s o lu t i o n s ,  w hether  made from VI o r  VII and 
f e r r i c  c h lo r id e ,  decreased  slow ly  (F ig  6 -9 ) ,  “ ^ A ^  < 0.001 sec ) .
The abso rbances  o f  th e  red  s o lu t i o n s ,  formed a t  h ig h e r  c o n c e n t r a t i o n s  of 
VI and VII, d ec re ase  more r a p id ly  (0.01 -  0 .2  sec ) .
The r a t e s  o f  d e c re ase  o f  abso rbance , from th e  maximum v a lu e ,  o f  some red 
s o lu t i o n s  made from VI and f e r r i c  c h lo r id e  were measured (Table  6- 3 ) by 
drawing th e  ta n g e n t  to  th e  absorbance a g a in s t  tim e p l o t s  (F ig  6 -1 0 ) .
The r a t e s  inc reased  as  both  th e  i n i t i a l  c o n c e n t r a t io n s  of VI and f e r r i c  
c h lo r id e  in c re a s e d ,  bu t th ey  could  not be used in  com parative  c a l c u l a t i o n s  
as  th e y ,  u n l ik e  o th e r  r a t e  measurements, v/ere not i n i t i a l  r a t e s .  The i n i t i a l  
r a t e  in  t h i s  case  was th e  r a t e  o f  fo rm ation  o f  th e  maximum ab so rb an ce ,  which 
was to o  f a s t  to  be seen c l e a r l y  by th e  p re s e n t  methods.
PhNO
green  s o lu t io n
ki
^2 > red s o lu t io n
k3— —> red s o lu t io n
k4 ' . . . > g reen  s o lu t io n .
TABLE 6 - 3
The Change in  Absorbance a t  530 nm w ith  [VI] and [F eC l_]- o 3 o
[VI] o
10-5 (mol I " 1 )
[F e C l , ] '
7
10 '  (mol 1 )
Max Absorbance 
(A)
-dA
dt
(sec
2 .0 2 2 .25  . > 2 .0 -
2 .2 2 .23 1-35 0.017
3-5 2 .23 1.14 0.024
4 .4 2 .23 • 0 .99 0.049
6 .5 2 .23 1 «°6 0 .0 5 8
7 .0 2 .23 1.29 O.O59
8 .9 2 .23 1 .1 0 0 .1 0
10.95 2 .23 ( 1 .2 6  
£ 1 .11
0 .123
0 .1 0 6
10.95 0 .5 0 .1 3 0 .0 0 8
10.95 1 .0  . \  0 .49 0 .023
10.95 1 .5 . 0 .97 0 .073
10.95 • 2 .5 ( 1 .56 
( 1 -59
0 .1 3 8
0.09.
10.95 2 .5 a 1 .2 6  
1.14
0 .1 0
0 .09
10.95 3-5-20 > 2 .0 -
a .  So lven t s a tu r a t e d  w ith  a i r  be Tore u s e .
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I f  th e  i n i t i a l  r a t e  o f  fo rm a tion  were a v a i l a b l e  i t  would be p o s s ib le  
t o  c a l c u l a t e  th e  c o n c e n t ra t io n  o f  th e  in te rm e d ia te  u s in g  th e  
assum ptions  o f  s e c t io n  5 -4 , r e l a t i n g  th e  c o n c e n t ra t io n  o f  an 
in te rm e d ia te  to  th e  d i f f e r e n c e  between th e  c a l c u la te d  and measured 
c o n c e n t r a t io n s  o f  VI.
6 .1 .4  The C o n c e n tra t io n s  o f  th e  In te rm e d ia te  S pec ies
I f  th e  s p e c ie s  a re  formed in  an e q u i l ib r iu m  r e a c t io n  (6 -5 )  th e n  th e
K(6 -5 )  VI + FeCl_ — 1 in t e r m e d i a t e . e x t i n c t i o n  c o e f f i c i e n t  (E) and 
5  x —  /
t h e 'e q u i l i b r i u m  c o n s ta n t  (K) can be measured u s in g  th e  method of 
H ildeb rancP ^ . To app ly  t h i s  method th e  c o n c e n t r a t io n  o f  one s u b s t r a t e  
must be in  excess  o f  th e  o t h e r , . and th e  absorbance measured as  th e  
c o n c e n t ra t io n  o f  th e  one in  ex cess  i s  v a r i e d .
When th e  c o n c e n t r a t io n  o f  f e r r i c  c h lo r id e  i s  i n  excess  o f  th e  
c o n c e n t ra t io n  o f  VI e q u a t io n  (6 -6 )  can be approxim ated ,
(6-6) K
[in term ediate]
( [V I]  -  [ i n t ] ) ([FeC l ] - [ i n t ] )o ;  O '
u s in g  [FeCl_] - . [ i n t ]  ~  [FeCl ] and5 o — 3 o
[ i n t ]  s= Absorbance. (A) to  eq u a t io n  (6 -7 )
£
(6-7) K
( [V I ]Q -  A/ ) [F eC y 'Q
E
which r e a r ra n g e s  to  (6 -8 )
( 6 - 8 )  [V I] 1 1 + 1o
A KE [ F e C l 33 o
E
H ence K and E ca n  b e  c a l c u l a t e d  from  t h e  s l o p e  and i n t e r c e p t  o f  a p l o t  o f
[VI] a g a in s t  1
~A° [FeCl ]
3 o
The above method i s  u s u a l ly  a p p l ie d  to  s t a b l e  ( t h a t  i s  non r e a c t i n g )  
i n t e r m e d ia te s ,  bu t th e  maximum v a lu e s  of. t h e  abso rbances  of th e  green 
s o lu t i o n s  made from VI and f e r r i c  c h lo r id e  (Table 6 -4 )  were used 
(F ig  6-11 A) and th e  v a lu e s  K » 790 + 20 1 mol and E (1 -3 7 .+  O.O.3 ) x 10'
1 mol cm~ were o b ta in e d .  Because a p lo t  o f  £VI]0 a g a in s t  1
T  [FeCl ]
' ^  0
was a s t r a i g h t  l i n e  th e  complex was assumed to  be composed o f  .1 m olecule 
o f  each o f  VI and f e r r i c  c h l o r i d e .
A s i m i l a r  t r e a tm e n t  was used f o r  g reen  s o lu t i o n s  p re p a re d  from VII 
and f e r r i c  c h l o r i d e .  The d a ta  (Table 6- 5 ) gave a. s i m i l a r  s t r a i g h t
l i n e  (Fig, 6-T1B) from which th e  v a lu e s  K = 410 ^  30 1 mol  ^ and
- 1 - 1  .T1 ^ . _ 4  , cm were o b ta in e d . '  The s t r a i g h t  l i n eE s  (3 .74 + 0 .2 )  x 10 1 mol
again  i n d i c a t e s  a 1 : 1 complex, a s  a complex o f  a d i f f e r e n t  com position
122would produce a c u r v e . when eq u a t io n  (6 -8 )  was used to  e v a lu a te  
th e  d a ta .
U n fo r tu n a te ly  t h i s  method cannot be a p p l ie d  to  th e  red  s o l u t i o n s  as  
when th e  c o n c e n t ra t io n  o f  VI o r  VII was much l a r g e r  th a n  th e  
c o n c e n t r a t io n  o f  f e r r i c  c h lo r id e  ( th e  c o n d i t io n s  needed to  b o th  s a t i s f y  
th e  app rox im ations  o f  e q u a t io n  (6 -8 )  and to  ^orm red  s o l u t i o n s )  th e  
abso rbances  o f  th e  s o lu t i o n s  were e i t h e r  g r e a t e r  th an  2 .0  o r  they  
d ecreased  so r a p id ly  t h a t  t h e i r  maximum v a lu e s  could not be m easured.
Two a l t e r n a t i v e  methods, u s in g  s o lu t i o n s  equ im olar  in  VI ( o r  V II)  
and FeCl^ fo r  measuring K and E were examined: th e  method o f
TABLE '6-4
The V a r ia t io n  o f  Absorbance of  a Green S o lu t io n  w ith  CFeCl^J^,
where [VI] = 1 x 10 ^ mol 1 ^ .o .
[FeCl J 
3 o Max Absorbance 
(A, a t  650 nm)
Time to  Reach 
. Maximum A 
(s e c )
17.2 0 .13 < 1
5 0 .11 < 1
2 .23 0.09 < 1
1 0 .0 6 ~  1
1 -J L 'th oxyn ap h th a len e  (A ) and 4 , 4 / - d i - E t h o x y - ' ‘t ,  1 - B in a p h t h y l  (BO
i
j
}
I
i
20.
i
!
i
I
j
-P
I
I
[FeC l , ] ' 1 (10~ (mol ) 2 ,0
TABLE 6 - 5
The V a r ia t io n  o f  Absorbance o f  a Green S o lu t io n  w ith  [FeCl 3o , 
where [VIlDo * 3*85  x 10 ^ mol 1
LFeCl7]3 o
103 (mol 1~1 )
Maximum Absorbance 
(A, a t  65O nm)
Approximate 
Time to  Reach 
Max. A
( s e c )
5 .0 1 .01 20
4 .0 0 .94 20
3-0 0 .6 8 ■ 50
2 .5 0 .7 0 40
2 .0 0 .6 6 60
1 .5 0 .5 6 100
1 .0
.1
0 .44 120
0 .5 0.24 190
Rose and Drago, andcuriore s im ple  ap p rox im ation .  This sim ple
2app rox im ation , o f  e q u a t io n  (6 -9 ) ,  i s  t h a t  A__ «  A
E2 E .
(6 -9 ) K » A/e
-  a/ e ) ( [ f ,,c i 3 ) o -  a/ e )
oi* A s  [VI] [F eC l,] — A ([V I] ■ + [FeCl ]  ) + A
EK °  E 0 3 0 : ^
f o r  l a r g e  v a lu e s  o f  E. The eq u a t io n  i s  th en  r e a r ra n g e d ,  n e g le c t in g  
A2/ ^ ,  to  (6 -1 0 )
» [VI] + [F eC l,] , 1O 3 o + _ _ _
E EK
and th e  l e f t  hand ^ ide  p l o t t e d  a g a in s t  th e  sum o f  th e  i n i t i a l  
c o n c e n t r a t io n s  o f  th e  r e a g e n ts .
123
Both th e  method o f  Rose and Drago and th e  above gave n e g a t iv e  v a lu e s  
o f  K, when a p p l ie d  to. d a ta  from red  s o lu t i o n s  made from VI and f e r r i c  
c h l o r i d e .  So th e  s p e c ie s  ab so rb in g  a t  530 nm in  th e  red  s o l u t i o n s  was 
assumed no t t o  be in  e q u i l ib r iu m  w ith  VI and f e r r i c  c h l o r i d e .  I t  i s  
t h e r e f o r e  p ro b a b le ,  e s p e c i a l l y  a s  a red  s o lu t i o n  w ith  th e  same spectrum  
was a l s o  formed from VII and f e r r i c  c h lo r id e ,  t h a t  th e  s p e c ie s  
r e s p o n s ib le  f o r  th e  red  s o lu t i o n s  i s  d im e r ic .
6 .2  E le c tro n  Spin Resonance S tu d ie s
The co loured  s o lu t i o n s  t h a t  gave th e  s p e c t r a  d e s c r ib e d  i n  6.1 were a l s o  
examined by e s r .  S o lu t io n s  t h a t  were e i t h e r  red  o r  brown, b o th  o f  which 
absorbed a t  530 nm, produced an e s r  s ig n a l  on th e  s id e  o f  th e  b road  
s ig n a l  f o r  f e r r i c  c h l o r i d e .  A s .th e  i n t e n s i t y  o f  th e  s i g n a l  d ec re ase d
(6 -10) [VI] [F eC l,]o 5 o
A
a t  a s i m i l a r  r a t e  t o  th e  absorbance  a t  530  nm a s in g le  s p e c ie s  was 
assumed to  be r e s p o n s ib le  f o r  b o th .  The g reen  s o l u t i o n s  d id  no t 
produce an e s r  s i g n a l .
The re d ,  and brown, s o lu t i o n s  were t h e r e f o r e  assumed to  c o n ta in  a 
124param agne tic  s p e c ie s ,  w h ile  th e  g reen  s o l u t i o n s  c o n ta in e d  on ly  
d iam agne tic  s p e c ie s .
6 .3  The M olecu la r  W eights o f  VI and F e r r i c  C h lo r id e  i n  N itrobenzene
The m o lecu la r  w e ig h ts  o f  VI and f e r r i c  c h l o r i d e ,  i n  n i t r o b e n z e n e ,  were
125.d e te rm in ed  by f r e e z in g  p o in t  d e p re s s io n s  . The m o lecu la r  w eight o f  VI
was measured a s  174 + 3 ( c a l c u l a t e d  from H ^O , ^  * 1 7 2 .1 ) ,  and o f
f e r r i c  c h lo r id e  a s  171 + 8 (FeCl_, M zs 1 6 2 .2 ) .  The l a r g e r  e r r o r  i n
5 •
th e  measurement f o r  f e r r i c  c h lo r id e  was p ro b ab ly  caused by a b s o rp t io n  
o r  w a te r  d u r in g  w eigh ings .  Both v a lu e s ,  however, a r e  c lo s e  enough 
t o  th e  c a l c u l a t e d  v a lu e s  to  prove th a t  1-e th o x y n a p h th a le n e  and f e r r i c  
c h lo r id e  a re  monomeric i n  n i t ro b e n z e n e ,  un d er  th e  c o n d i t io n s  o f  
measurement.
6 .4  A Summary o f  th e  K in e t ic  and S p e c t ro sc o p ic  S tu d ie s  
A lthough s e v e r a l  h y p o th e s i s  have been p u t  forw ard  f o r  o x id a t iv e
r e f e r r e d  to  th e  d im e r i s a t i o n  o f  n a p h th y l  e t h e r s .  The k i n e t i c  and
d i r a e r i s a t io n  o f  1-e th o x y n a p h th a le n e ,  w ith  f e r r i c  c h lo r id e  i n  n i t r o b e n z e n e ,  
b u t in f e r e n c e s  from th e  d a t a  o b ta in e d  shou ld  be a p p l i c a b l e  t o  th e  
d im e r i s a t i o n  o f  o th e r  1-n a p h th y l  e t h e r s ,  i n  p a r t i c u l a r ,  and o t h e r  
a ro m a tic  s u b s t r a t e s  i n  g e n e r a l .
and th e  S c h o l l  r e a c t i d n  in  g e n e r a l ,  o n ly  Clowesp o ly a ry la t io :
s p e c t ro s c o p ic  s t u d i e s  (C h ap te rs  5 and 6 ) were only  concerned  w ith  th e
The r e s u l t s  o f  t h e s e  k i n e t i c  and in t e r m e d ia t e  s t u d i e s  a r e  su m m arised
below:
(a )  The s to ic h io m e try  o f  th e  r e a c t i o n  (6 -1 2 )  was 
(6 -1 2 )  VI + FeCl^ -----> 4  VII + FeCl2 + HC1
No o th e r  a u th o r  has  r e p o r te d  th e  s to ic h io m e try  o f  an o x id a t iv e
9 ,3 4
p o l y a r y l a t i o n ,  a l th o u g h  s e v e r a l  in f e r e n c e s  have been made.
(b )  Both VI and f e r r i c  c h lo r id e  a r e  monomeric i n  n i t ro b e n z e n e
( c )  VI and VII complex w ith  f e r r i c  c h l o r i d e ,  v i a  th e  e q u i l i b r i a  
. (6 -13 , 6 -1 4 ) .
K at 800
( 6- 1 3 ) VI + FeCl^ g reen  s o lu t i o n
(6 -1 4 )  VII + FeCl K2 s * 400 .. . .3    g reen  s o lu t i o n
The complexes a re  1 : 1 ,  d iam agnet ic  and a re  no t d e r iv e d  from th e  s o lv e n t  
56Mano and Alves su g g es t  a complex between benzene-alum inium  c h lo r id e  and 
c u p r ic  c h lo r id e  f o r  th e  o x id a t iv e  p o l y a r y l a t i o n  o f  benzene , b u t  do no t 
p r e s e n t  any s p e c t ro s c o p ic  e v id en ce .
(d )  VI and VII r e a c t  w ith  f e r r i c  c h lo r id e  (6 -1 5 )  to  form a re d  s o l u t i o n
(6 -1 5 )  VI + FeCl — —>
_ red  s o lu t i o n
VII + FeCl
3
s p e c ie s  p r e s e n t  i s  a p p a re n t ly  th e  same i n  each  c a s e ,  i s  p a ra m a g n e t ic ,  and
40i s  no t d e r iv e d  from th e  s o lv e n t .  Rooney and Pink a l s o  ob se rv ed  
param agnetic  s p e c ie s  p r e s e n t  in  s o l u t i o n s  c o n ta in in g  a n th ra c e n e  and 
aluminium c h l o r i d e ,  bu t th ey  d id  no t i n v e s t i g a t e  th e  p ro d u c ts  o f  
th e  r e a c t i o n .
( e ) The red so lu tio n s  are formed from the green so lu tio n s  in  
consecutive rea c tio n s.
( f ) The i n i t i a l  rate equation (6- 16 )
( 6- 1 6 ) (d Fe2+) » k [VI] ^ [F eC l,]
— —  o 3 o
dt 0 0
suggested that the reaction  was complex, and that the rate determining 
step  might involve a dimeric interm ediate. However, fa s te r  measurement 
techniques, such as stopped-flow  v is ib le  spectroscopy, would be required  
to  equate i n i t i a l  ra tes  o f decrease o f concentration o f su b stra tes with  
i n i t i a l  ra tes  o f formation o f in term ediates.
The only k in e t ic  measurements o f an ox id ative  p o ly a ry la tion , by Mano and 
56Alves on the reaction  o f benzene with aluminium chloride and cupric ch lo r id e , 
showed a d ifferen ce  between rate o f  production o f product and cuprous io n .
They explained the d ifferen ce  by suggesting an i n i t i a l  reaction  step  th at  
did not produce cuprous ion , but as t h is  step  involved an ox id ised  sp ec ie s  
(the rad ica l cation  o f benzene) and cupric ch loride was the only oxidant 
present th is  seems u n lik e ly . A more p la u sib le  explanation o f the  
d ifferen ce  between concentrations o f products i s  that put forward in  
Chapter 5»
(g) The rate o f disappearance o f VI i s  in v erse ley  proportional to  the  
concentration o f hydrogen ch lor id e . Kovacic , however, showed that the 
y ie ld  o f poly-phenylene increased when hydrogen chloride was added to  a 
fe r r ic  chloride cata lysed  ox id ative  p o lyary la tion  o f benzene, but no 
k in e t ic  data|wc«c presented.
These data suggest the follow ing mechanism:
( i )  a two step  oxidation  o f VI to a rad ica l cation
OEt + FeCl ^ Charge tra n sfer  complex
(green so lu tio n  A.max ~  6^0 nm, 
diam agnetic).
/  7—OEt + FeCl2 + Cl"
( i i )  a coupling reaction  with the substrate to  g ive a dihydro 
interm ediate
H
yOEt + ( /  V) OEt 
(\ /)
>s +
. Cl"
( i i i )  Dehydro^enoAWto the interm ediate formed when both VI and VII 
react with fe r r ic  ch lor id e .
H
EtO-
7  
\\ /; (\ /)
OEt Cl~ + 2FeCl. EtO OEt * Cl"
(red so lu tio n  A max 
param agnetic).
+2FeCl 
530 nm, + 2HC1
( iv )  a two step reduction to  VII
EtO f = -OEt J  * Cl*" + FeCl. Charge tr a n sfe r  complex 
(green so lu tio n  A max 
'v 650 nm, diam agnetic)
Although t h i s  mechanism i s  on ly  based  on s t u d i e s  o f  th e  in t e r m e d i a te s  
o f  th e  r e a c t io n  i t  i s  c o n s i s t e n t  w ith  a l l  th e  d a ta  a v a i l a b l e .
The k i n e t i c  s t u d i e s  n e i t h e r  confirm  no r  d isp ro v e  i t ,  most p robab ly  
because  measurements were made o v e r  to o  l a r g e  a  tim e s c a l e .  I t  i s  
t h e r e f o r e  su g g es ted  t h a t  f u r t h e r  k i n e t i c  s t u d i e s  a r e  made by a 
te c h n iq u e ,  such a s  s to p p ed -f lo w  v i s i b l e  s p e c tro sc o p y ,  t h a t  a l lo w s  
i n i t i a l  r a t e s  o f  d is ap p ea ran ce  o f  VI (and appearance  o f  f e r r o u s  io n )  
to  be equa ted  w ith  i n i t i a l  r a t e s  o f  appearance  o f  in t e r m e d ia te  s p e c i e s .
EXPERIMENTAL
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CHAPTER 7  THE PREPARATION OF STARTING MATERIAL
7*1 Reagents and Techniques
The reagents used in  the preparation o f the compounds in  th is  
chapter were the purest grades a v a ila b le  from the chem ical 
su p p liers and were used without further p u r if ic a tio n .
The thermometer used in  determining m elting po in ts  was 
uncalibrated but was the same throughout.
Infra-red spectra  (n ujo l mulls or KBr d isc s )  were recorded on
a Perkin Elmer 157 spectrom eter with sodium ch lorid e  prism .
Wherever p o ss ib le , spectra  were compared with those published
119as standards in  Sfedfoler
Nuclear magnetic resonance spectra  were recorded on e ith e r  a 
Varian A -  60D (60 MHz), a Varian HA 100 (100 MHz) or a Varian 
HR 220 (220 MHz) spectrom eter with chemical s h i f t s  given as 
(f ppm from tetram ethyl s i la n e .
Molecular weight (M) determ inations were made on an AEI MS12 mass 
spectrom eter.
Carbon and hydrogen analyses were made on a Carlo Erba automatic 
C,H,N Analyser.
The Preparation o f Mono- and di-naphthyl A lkyl Ethers
The ethers described in  th is  sec tio n  were a l l  prepared by allow ing
the potassium s a l t  of 1-naphthol to  react with mono or d i-h a loa lk an es. 
The so lv en ts  and con d ition s were varied to e ith er  s u it  the 
r e a c t iv ity  of the haloalkane or to improve the y ie ld .  The reaction s  
were allowed to proceed u n t i l  e ith er  the amount o f.b a se  remaining 
was zero or became constant, as shown by withdrawing a sample 
o f the reaction  mixture and t it r a t in g  i t  aga in st 0 .1  N sulphuric  
a c id .
1-Ethoxy Naphthalene
Ethyl iod ide  (156  g; 1*0 m ol) was added to a s t ir r e d  mixture 
under nitrogen o f 1-naphthol (1 4 4 .1  g; 1 .0  m ol), 48 .8  w/w % 
aqueous potassium hydroxide (1159 y 1 .0  mol ) and dimethyl 
sulphoxide (400 cm^) a t 25° • The mixture was s t ir r e d  a t 50° 
for 1.25  h, then poured in to  water and extracted with three
•2
portions of dichloromethane (100 cm ) .  The ex tra cts  were 
combined, washed with 1-N sodium hydroxide and w ater, dried over 
sodium sulphate and evaporated to dryness. D is t i l la t io n  o f the 
residue y ie ld ed  1-ethoxynaphthalene (110 g; 64$), 
bp 106-108°/2 mm ( l i t  v a lu e^  range 262 .5  -  280°) IR spectrum  
id e n t ic a l to  S a d tler^ ^  9810 .
6 94 -  7 65 (m u ltip let 5H); 8 .1 5  (dd IHy, 9 Hz, JpH 2 Hz) ppm.
0* H
NME6 (CDC1):1.15 ( t  3 H ,^ J^B 7 Hz); 3-82
(q 2H, JAfi 7 Hz); 6 .44  (dd 1HC, 8 .5  Hz, 2 Hz);
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7#2.2 1-Methoxy Naphthalene
Chioromethane was passed for 1 hr through a s t ir r e d  mixture of 
1-naphthol (72.1 g; 0 .5 0  m ole), 48 .2  w/w $ aqueous potassium  
hydroxide (5 8 .2  g; 0 .5 0  mol) and dimethyl sulphoxide (250  cm^ ) 
at 90°. I so la t io n  o f the product was ,as described in  7 *2 .1 . 
D is t i l la t io n  y ie ld ed  1-raethoxynaphthalene (6 9 .6  g; 88$ ) ,  
bp 89-92° /2  mm, w ith an IR spectrum id e n t ic a l to  S ^ d ytler^ ^
: 6870 .
7*2.5 Pi (1-Naphthoxy) Methane
1-Naphthol (144.1 g; 1 .0  m ol) , potassium hydroxide (56*1 g;
■2 2
1 .0  m ol) , dimethyl sulphoxide (200  cm ) and benzene (100  cm ) 
were dehydrated under n itrogen  by azeotropic d i s t i l la t io n  using  
a Dean and Stark apparatus. The benzene was d i s t i l l e d  o f f ,  the 
temperature ra ised  to 120° and dibromomethane (35 cm^; 0 .5 0  mol) 
added. The temperature was maintained a t 120° for 1 h , the 
product was worked up as in  7 *2 . 1 , and r e c r y s ta lla t io n  from 
aqueous acetone (w ith d eco lou risin g  charcoal) y ie ld ed  
d i ( 1-naphthoxy) methane (9 6 .2  g; 64$) mp 104-105*5°
(no l i t .  value found) (Found: C, 85*3%; H, 5*5#;
M, 300. C21H1602 requires C, 84.5$; H, 4 .7$; M, 300)
IR (KBr):A 6 , 3 , 7*2 (ary l C-C v ib ); 7 *8 5 , 8 .0 5 , 9*0 (C-0 S tr );
12 .6 , 12.9 (aryl C-H r o c k ) ^ .
A
/  X) 0 C\A2p (/
wa\r B (CDC1^):5*87 ( s 2Ha ); 7*03-7*4 (m u ltip le t 1 OH); 7*7 (dd 2Hg, 
Jgp 9 Hz, JEC 2 .5  Hz); 8 .12 (dd 21^, J^ , 9 Hz, 2 .5  Hz) ppm.
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7*2*4 1 ,2 -D i (1-Naphthoxy) Ethane
1 , 2-Dibromomethane ( 187*9 gi “1 *0 mol ) was added to  a s t ir r e d  
m ixture, under n itrogen , of 1-naphthol (288*4 g; 1 .0  m ol), 
aqueous potassium hydroxide (229*4 g; 2 .0  mol) and dimethyl
7 .18-7*42 (m u ltip let 8 H); 7 .6 3  (dd 2 ^ ,  JHQ 9 Hz, JHF 2 .5  Hz) ,
8 .16  (dd 2Hg, J£F 9 Hz, 2 .5  Hz) ppm.
7 .2 .5  1 .3-D i (1-Naphthoxy) Propane
Prepared as 7*2.4; r e c r y s ta l l is a t io n  from isopropanol y ie ld ed
1 ,3-d i ( 1-naphthoxy) propane (233*2 g; 71$) nip 100- 101° (no
lite r a tu r e  reference found). (Found: C, 84.5$; H, 6.1%;
M, 328 . C H 2002 requires C, 84.1%; H, 6 . 1%; M, 328 ) IR (KBr):X
6 .3 , 7 .1 ,'7 * 2  (a ry l C-C v ib ); 7 . 8 5 , 8 .0 , 9 .0  (C-0 S tr );
1 2 .7 , 13*0 (ary l C-H rock)jo.
b —c  ^  ^
E OCVA
7 Q
sulphoxide (800 cm ) a t 60 • The temperature was ra ised  to  
100° over 4 h, the product was worked up as 7*2.1 and
r e c r y s ta l l isa t io n  from 3*1 v o l/v o l  ethanol/benzene y ie ld ed
1 , 2- d i ( 1-naphthoxy) ethane (90  g; 29% mp 132*5-134° ( l i t  
value81 129-131°). (Found: C, 84*5%; H, 5*7%; M, 314.
C22H18°2 re(lu ires  c i 84.0%; H, 5*7$; M, 314) IR (KBr)
6 .3 , 7*1 (a ry l C-C v ib );  7 . 8 5 , 8 .0 ,  9*0 (C-0 S tr );  12 .6 ,
12.9  (ary l C-H rock) jo.
C/-N  A E> ( /  \)0C «iC H xO
S (CDC1^):4.41 (s  4H^); 6 .72  (dd 2 ^ ,  8 Hz, JgD 2 .5  Hz)
6  (CDC1 ): 2 .43  (q 2HA, J^B 6 Hz); 4 .32 ( t  4Hg, 6 Hz);
6 .75  (dd 2 Hc , J CD 8 .5  Hz, J CE 2 .5  Hz); 7 .2 -7 .8 2  ( m u l t i p l e t  1 OH); 
8.24  (dd 2Hf , 9 Hz, J FR 3 Hz) ppm.
7 .2 .6  1 ,4-D i (1-Naphthoxy) Butane
1 .4-Dibromobutane (43*2 g; 0 .20  m ol), 1-naphthol (57*7 g;
0 .40  m ol), 85$ potassium hydroxide (2 6 .4  g; 0 .4 0  mol) and
3ethanol (500  cm ) were s t ir r e d , under n itrogen , a t r e f lu x  for  
2 h then poured in to  b o ilin g  w ater. The mixture was f i l t e r e d  and
■3
the s o lid  was r e c r y s ta ll is e d  from a mixture of ethanol (800  cm ) 
and benzene (500 cm ) to  y ie ld  1 ,4 -d i (1-naphthoxy) butane 
(39*7 g; 58%) mp 123-124° (no l ite r a tu r e  referen ce found).
(Found: C, 8 3 . 9%; H, 6 . 3%; M, 242. C24H22°2 req u ires
C, 84.1$; H, 6 .4$; M, 242) IR (K B r);X 6.3 , 7*1, 7 .2  (ary l 
C-C v ib ); 7 . 8 5 , 8 .0 , 9 .0  (C-0 S tr );  12 .65 , 12.9 (a ry l C-H 
rock)
k c -  & A
*  0
nwcv £  (CDC1V): 2 .06  (m u ltip le t 4H .); 4.1 (m u ltip le t 4 ^ ) ;  6 .6 65 A 0
(dd 2HC, JCD 9 Hz, JCE 3 Hz); 7.18-7*79 (m u ltip let 1 OH);
8 .16  (dd 2Hp,., 8 Hz, 2 .5  Hz) ppm.
7 *2 .7  1 . 5-D i(1-Naphthoxy) Pentane
1 . 5-Bibromopentane (230  g; 1 .0  mol) was added to a s t ir r e d
m ixture, under n itrogen , o f 1-naphthol (28 8 .3  g; 2 .0  m ol),
48 .9  w/w $  aqueous potassium hydroxide (229 .4  g; 2 .0  mol) and
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dimethyl sulphoxide (800 cm ) at room temperature. The 
temperature was ra ised  to 75° over 2 h , the product worked 
up as 7 *2 . 1 , and r e c r y s ta l l is a t io n  from 9:1 v o l/v o l e th a n o l/ 
acetone y ie ld ed  1 ,5-d i (1-naphthoxy) pentane (264.4  g; 74%) 
nip 7 9 *5- 80 . 5° .  D is t i l la t io n  a t 250-260° (b a th )/l mm improved 
the colour and gave a sample mp 8 0 . 5- 81*5° ( l i t  va lu e^ ^  80- 81° ) .
(Found: C, 84.8%; H, 7*3%; M, 356. C2^H24 °2  re(i vdree
C, 84.2%; H, 6.7%; M, 356) IR (K B r):X 6.3 , 7*1, 7*2 (a ry l
C-C v ib ); 7 .8 5 , 8 .0 , 9*1 (C-0 S tr );  1 2 .6 , 12.9 (a ry l C-H rock) j o .
k c  E A / _
E ° W
G *  V /
(\K\T s  (CDC1 ): 1 .8 2 -2 .0 4  (m u ltip let 6Ha ); 4 .07  ( t  ^ , . . ^  6 Hz);
6 .6 9  (dd 2HQ, JCD 8 .5  Hz, JQE 2 .5  Hz); 7*18-7.8 (m u ltip le t 1 OH);
8.21 (dd 2HJ,, JFQ 8 .5  Hz, JFH 2 .5  Hz) ppm.
7*2.8 1 «6-D i (1-Naphthoxy) Hexane
Prepared as 7 * 2 .3 ;  r e c r y s ta l l is a t io n  f i r s t  from a  mixture of
3  3
ethanol (500  cm ) and benzene (200  cm ) and then from
7
isopropanol ( 15OO cm ) y ie ld ed  1 ,6 -d i (1-naphthoxy) hexane (47*7 g; 52° 
mp 111-112.5° (no l i t  value found). (Found: C, 85*3%; H, 7*1%;
M, 370 . C26H2602 requires C, 84.3%; H, 7*0%; M, 370) IR (K Br):X
•.6 .3 , 7*1 (ary l C-C v ib ); 7 . 8 5 , 8 .0 , 9*0 (C-0 S tr );  12 .55 ,
12.95 (ary l C-H rock)
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% A
a
6 (CDC1.,): 1 .35 -2 .02  (m u ltip let 8 H); 3 .9 6  ( t  4-IL,, J . D 6 .5  Hz)j  D Ad
6 .6  (dd 2HC, JCD 8 Hz, Jc£ 2 Hz); 6.95-7*72 (m u ltip le t 1 OH); 
8.15  (dd 2Hf , 9 Hz, JFR 2 .5  Hz) ppm.
7.2*9 1 .7 -D i(1-Naphthoxy) Heptane
1 , 7-Cibromoheptane (129  g; 0*50 mol) was added to  a s t ir r e d
m ixture, under n itrogen , o f 1-naphthol (144.2 g; 1*0 m ol),
48.8  w/w % aqueous potassium hydroxide (115 g; 1*0 mol) and
3 oN,N dimethyl formamide (500 cm ) a t 5 *. The temperature was 
ra ised  to  60° over 2 h , the product worked up as 7 *2 . 1 , and 
r e c r y s ta l l is a t io n  from a mixture o f ethanol (1000  cm^) and
M, 384) IR (KBr) 6«3, 7*15 (a ry l C-C v ib );  7 . 8 5 , .8 . 0 5 , 9*1 
(C-0 S tr ); 12 .55 , 12.9 (a ry l C-H r o c k )^ .
■Z
benzene (300  cm ) y ie lded  1 , 7- d i ( 1-naphthoxy) heptane
(74 g; 39%) mp 98-99° (no l i t  value found,). D is t i l la t io n  
260° (b a th )/0 .1  mm improved the co lou r . (Found: C, 84.8%
H, 7*3%; M, 384 . C2?H2802 requires C, 84.3%; H, 7.35%;
f Q
fer H
CW S (CDGl^): 1 .2 -1 .8 6  (m u ltip le t 1 OH^); 3 .9  ( t  4HB, J^B 6 Hz);
6 .6  (dd 2H , JCD 9 Hz, J E 2 .5  Hz); 7 .1 6 -7 .7 6  (m u ltip le t 1 OH);
8 .2  (dd 2Hp, JFQ 9 Hz, JFH 2 .5  Hz) ppm.
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7 .2.10
7 .2.11
1 .10-Di(l-Naphthoxy) Decane
P rep ared  a s  7 * 2 .8 , r e c r y s t a l l i s a t i o n  f i r s t l y  from is o p ro p a n o l 
and th e n  from m ethanol y ie ld e d  1 ,1 0 -d i(1 -n a p h th o x y )  decane 
(42 g; 48%) mp 7 9 * 5 -8 0 .5 °  (Found: C, 84%; H, 7.9%; M, 4 26 .
C nH .0 -  r e q u i r e s  C, 84.5%; H, 8%; M, 426) IR (K B r): X  6 .5 ,
7 .2  ( a r y l  C-C v ib ) ,  7 .9 ,  8 .0 5 , 9 .1  (C-0 S t r ) ;  1 2 .6 , 12 .9  
( a c y l  C-H r o c k ) p .
b  C g  h 
f  o
6  (CDC1 ) :  1 .1 8 -2  ( m u l t ip le t  16 H .) ;  4 .0 2  ( t  4H,,, J AD 6 H z);
5  A a  A n
,6 .79 (dd 2HC, J CD 8 .5  Hz, J C£ 5 H z); 7* 2 -7 .8 3  ( m u l t ip l e t  1 OH);
8 .2 8  (dd 2Hf , J fg  8 .5  Hz, J pH 2 .5  Hz) ppm.
1 .12-D i(1-Naphthoxy) Dodecane
P rep ared  a s  7 * 2 .8 ; r e c r y s t a l l i s a t i o n  tw ic e  from e th a n o l  y ie ld e d
1 .1 0 -d i(1 -n a p h th o x y ) dodecane (47*1 g ; 34*6%) mp 69- 70°  (no 
l i t  v a lu e  fo u n d ) . (Found: C, 84.8%; H, 8*3%; M, 4 54 .
C ^ H ^ ^  r e q u i r e s  C, 84.6%; H, 8.4%; M, 454) IR ( K B r ) : X  
X 6 .3 ,  7 .2  ( a r y l  C-C v ib ) ;  7 . 85, 8 .0 ,  9 .2  (C-0 S t r ) ;  1 2 .6 ,
1 3 .0  ( a r y l  C-H ro ck ) 10.
t> c g  ft
o
G *
6 (CD Cl ) :  1 .1 -1 .9  ( m u l t ip le t  20 H ^); 3 .9 5  ( t  4HB, J A£ 6 H z);
6 .6  (dd 2H„ T 8 .5  H z), J rF  3 H z); 7*12-7 .72  ( m u l t ip l e t  1 OH);
c * CD .  ’ ojii
8 .1 7  (dd 2H , JpG HZ’ J FH 5 Hz'  ppm#
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7*2*12 B is(1-N aphthoxy M ethyl) E th e r
D i(c h lo ro m e th y l)e th e r  (5*7 g» 0*052 mol) was added to  a
s t i r r e d  m ix tu re , under n i t r o g e n ,  o f  1 -n a p h th o l (9*5 g» 0*064 m o l) ,
48*8 w/w % aqueous po tass iu m  hy d ro x id e  (7*4 g ; 0 .0 6 4  mol) and
■Z
d im eth y l su lp h o x id e  (50 cm ) a t  room te m p e ra tu re , and l e f t  
w ith o u t e x te r n a l  h e a t in g  fo r  15 m inutes*  The m ix tu re  was 
poured  i n t o  w a te r , f i l t e r e d ,  and th e  s o l id  r e c r y s t a l l i s e d  from 
is o p ro p a n o l y ie ld in g  b is (1 -n a p h th o x y  m e th y l)e th e r  (4*5 g i 42*5$) 
mp 89- 90% (no l i t  v a lu e  fo u n d ) , (Found: C, 80*6%; H, 5*6%*
C22H18°5 reclu i r e s  c i 80.0%; H, 5*45$) IR (K B r) :X 6 .5 , 7*2 
( a r y l  C-C v ib ) ;  7*9, 8*1, 9*05, 9*7, 9*8, 10*2 (C-0 S t r ) ;
12*6, 15*0 ( a r y l  C-H ro c k ) jo .
^ /7 - \O CVA^OCH^O^VN
e \Ty
c  x>
S (CDCl ) :  5*42 (S 4 H .) ; 6*76-7*4 ( r a u l t ip le t  1 OH); 7*59
5 A
(dd 21^, Jg jj 9 Hz, J EC 3 H z); 8.09  (dd 2Hfi, 9 Hz,
3 Hz) ppm.
7*2*15 1-Naphthoxy 1~N aphthyl Methane
A s o lu t io n  o f  1 -ch lo ro m e th y l n a p h th a le n e  (8 8 .2 5  g ; 0 .5 0  mol)
•2
i n  d im eth y l su lp h o x id e  (100 cm ) was added to  a  s t i r r e d  m ix tu re , 
under n i t r o g e n ,  o f  1 -n a p h th o l (7 2 .0  g ; 0*50 m o l), 49*1 w/w % 
aqueous po tass iu m  h y d ro x id e  (57*1 g ; 0.50  mol) and d im e th y l 
su lp h o x id e  (200 cm ) a t  room tem p era tu re*  The te m p e ra tu re  ro s e  
to  40° and s t i r r i n g  was co n tin u e d  f o r  1 h w ith o u t e x te r n a l
176
h e a tin g *  The m ix tu re  was poured in to  w ater and th e  p r e c ip i t a t e d  
s o l id  r e c r y s t a l l i s e d  from a  m ix tu re  o f  e th a n o l and benzene 
y ie ld in g  1-naphthoxy  1-n a p h th y l m ethane (19*4 g ; 13*6%) 
mp 110- 112°  (no l i t  v a lu e  found)* IR (K B r):X 6 * 3 5 , 7*2 ( a r y l  
C-C v ib ) ;  7*95, 8 .1 ,  9 .2 ,  9 .4 ,  9 .9  (C-0 S t r ) ;  12*7, 13-05 
( a r y l  C-H ro c k )^ ,.
A.
<£(CDC1 ) :  5.6  (S 2H ^); 6.96 (dd 1Hg, 8 Hz, J ^ ,  2 .5  H z);
7*1-8*13 (m u l t ip le t  13 H) ppm.
7*3 P re p a ra t io n  o f O ther S u b s tr a te s
7«3*1 1 , 5-D iphenoxypropane
1 , 3-P ic h lo ro p ro p a n e  (28*3 g ; 0.25 mol) was added to  a  s t i r r e d
m ix tu re , under n i t r o g e n ,  o f  ph en o l (47*1 g ; 0*50 m o l),
49.1 w/w % aqueous po tass iu m  hy d ro x id e  (57*5 g ; 0*30 mol)
5 oand d im eth y l su lp h o x id e  (130 cm ) a t  60 and th e  te m p e ra tu re  
in c re a s e d  to  100°  over 4 h .  The p ro d u c t was worked up a s  i n  
7 -2.1 and th e  s o l id  o b ta in e d  was r e c r y s t a l l i s e d  from e th a n o l to  
y ie ld  1 ,3 -d iphenoxypropane  (32.6  g ; 38$) mp 60-61° ( l i t  
v a lu e  60-610 ) 8 1 . (Found: C, 8 0 .2 # ; H, 7 .2 $  r e q u i r e s
C, 7 9 .0 $ ; H, 7 .1 $ ) IR (K B r):X 6 . 28 , 6 . 32 , 6 . 7 , 6.85 ( a r y l  
C-C v ib ) ;  8*1, 9 .3  (C-0 S t r ) ;  1 3 .3 , 14*3 ( a r y l  C-H ro c k )  yo*
1 ft3-Pi(4-Phenylphenoxy)P ropane
P rep ared  a s  in  7*3*1? th e  s o l id  o b ta in e d  was r e c r y s t a l l i s e d
Z Z
from a  m ix tu re  o f  e th a n o l (2000 cm ) and benzene (1000 cm ) 
to  y ie ld  1 ,3 -d i(4 -p h en y lp h en o x y )p ro p an e  (6 2 .7  g» 66$) mp 144-5°
(no l i t  v a lu e  fo u n d ) , (Found: C, 85*3$; H, 6 ,4 $ ,  ^27^24^2
r e q u i r e s  C, 85*3$; H, 6 .4 $ ) IE (K B r) :X 6 .2 , 6 .7 5 , 6*85 ( a r y l  
C-C v ib ) ;  8 .0 ,  8 .3 5 ,  9*5 (C-0 S t r ) ;  1 1 .9 , 13*1, 13*2, 14 .5  ( a r y l  
G-H ro ck )
4 „ 4 1 -P i  (1 -N aphthoxy) d ip h e n y l Sulphone
4 , 4 , -D ic h lo ro d ip h e n y lsu lp h o n e  (143*6; 0 .5 0  mol) 1 -n a p h th o l
(151*2 g; 1 .05  m o l) , 4 8 .8  w/w $  aqueous p o tass iu m  h y d ro x id e
(1 2 0 .7  g; 1.05 mol) and d im e th y l su lp h o x id e  (1000 cm^) were
s t i r r e d ,  under n i t r o g e n ,  a t  175° fo r  18 h .  The p ro d u c t was 
worked up a s  in  7*2.1 and th e  s o l id  o b ta in e d  was r e c r y s t a l l i s e d  
from a  m ix tu re  o f  to lu e n e  and e th a n o l to  y ie ld  4 , 4 ' -d i(1 -n a p h th o x y )  
d ip h e n y l su lphone  (133 g ; 61$ ) mp 149-150° (no l i t  v a lu e  fo u n d ) . 
(Found: C, 7 6 .7 $ ; H, 4 ,4 $ ; S , 5 .7$*  C ^ H ^ C ^  r e q u i r e s
C, 7 6 .5 $ ; H, 4 .4 $ ; S , 6 .4 $ )  IR ( K B r ) :k 6 .3 ,  6 .4 ,  6 .7 ,  ( a r y l
C-C v ib ) ;  8 .1 ,  8 .7 ,  9*1 (C-0 S t r ) ;  1 2 .7 , 1 2 .8 , 1 2 .9 , 13*7
( a r y l  C-H ro ck ) J
N,N l-D i(1-N aphth .y l)Sebacam ide
Z
A so lu tio n  of sebacoyl ch loride  (2 1 .4  cm ; 0 .10  mol) in  NN dim ethyl
z
formamide (40 cm ) was s lo w ly  added to  a  s t i r r e d  s o lu t io n  o f
1-naphthylamine (28 .6  g; 0 .20  mol) in  NN dim ethyl formamide 
3 o(50 cm ) at 0 . A white p r e c ip ita te  was f i l t e r e d  o f f ,  washed
z
w ith  w a te r , and r e c r y s t a l l i s e d  from  a  m ix tu re  o f e th a n o l (1000 cm )
-z
and NN dimethyl formamide (300 cm ) to  y ie ld  N,N!-d i(l-n a p h th y l)  
sebacamide ( 15*0 g; 29%) mp 206- 207° (no l i t  value found)# 
(Found: C, 80.6%; H, 7*3%; N, 5 . 8%. C30H32N2°2 re(*u ires  
C, 79.7%; H, 7-1%; N, 6.2%) IR (KBr): X 3.1 (N -H S tr);
6 .0  (C = 0 S t r ) ; 12.9 (a ry l C-H rock) jJ>
C Q C W ^(0*'i)
Owr B (deuterated DMSO) 0 .9 -1 *83 (m u ltip le t 12 H^); 7*1-9*6
(m u ltip le t 14 H) ppm.
7 *3*5 1-Phenoxynaphthalene
1-Bromonaphthalene (70 g; 0 .34  m ol), phenol (49 g; 0 .52  m ol), 
potassium hydroxide (25 g; 0 .45 mol) and copper powder (0 .7  g; 
a ctiva ted  by s t ir r in g  in  aceton e/iod in e  then a c e t o n e /H C L )  were
7*3*6 Di-(l-Naphth.yl) Ether
1-Naphthol (412 g; 2 .86  mol) and f in e ly  ground sodium hydrogen 
sulphate (412 g; 3*43 mol) were s t ir r e d  togeth er, under n itro g en ,
s t ir r e d  together a t 220°  for  2 .5  h , then worked up as in  7 *2 . 1 . 
The residue was d i s t i l l e d ,  and the fra c tio n  bp 155-160°/1 ram 
a fte r  so lid if ica tio n  r e c r y s ta ll is e d  from methanol to  y ie ld
_  <1
1-phenoxynaphthalene (25*0 g; 34%) mp 53*5-54.5 ( l i t  value  
53*5°) • (Found: C, 88%; H, 5*4%. C^H^O requires
C, 87*3%; H, 5*45%) IR (KBr): X 6 . 2 , 6 . 7 , 7*2 (aryl-C-C; v ib ) 5 
7*9, 8 .1 ,  8 .15 (C-0 S tr );  12 .5 , 12 .85, 13*3, 14.5 (a ry l C-H 
rock)^».
a t 210° for 17 hr, then cooled to  below 100°  and s t ir r e d  w ith
C M V > \
7*3.7
ic e  and potassium hydroxide to make a lka line*  The mixture was 
extracted  with three portions o f chloroform (300 cm ) .  The 
combined ex tra cts  were evaporated down, d i s t i l l e d  (bp 160- 210° /  
1-5  nun) and the s o l id i f ie d  d i s t i l l a t e  r e c r y s ta ll is e d  from 
isopropanol/charcoal and again from isopropanol to  y ie ld  
d i-(l-n a p h th y l) ether (70 g; 18#) mp 104-105*5° ( l i t ^ ^  value  
108-110°)* (Found: C, 90*3$; H, 3-2%. C^H^O requires
C, 8 8 *9#; H, 5*2#) IR (KBr) :X 6 .2 3 , 6 . 3 , 6*35, 7 .2  (a ry l C-C 
v ib ); 8 .0 , 8 .1 , 9*2 (C-0 S tr );  12 .6 , 12.95 (a ry l C-H r o c k )jj .
& A
C o
H F
6  (CDCl^): 6 .77  (dd 2H^, J^B 8 Hz, JAC 2 Hz); 7 .0 2 -7 .8 2  
(m u ltip le t 10H); 8 .22 (dd 2H ,^ Jpg, 8 Hz, J ^  2 Hz) ppm.
7«7-Ditnethyl-7H-Dibenzo h7 Xanthene
1-Naphthol (2 8 .8  g; 0 .2 0  m ol), acetone (5*8 g; 0 .1 0  mol) and
3phosphorus oxychloride (2 .5  cm ; 0 .027 mol) were s t ir r e d
together a t re flu x  u n t i l  the mixture s e t  s o l id ,  approxim ately 
1 h; the so lid  was then r e c r y s ta l l is e d  from ethanol (1500  cm^) 
to  y ie ld  7 ,7-dim ethyl-7H -dibenzo/c, h7xanthene (1 0 .6  g; 34$) 
mp 187- 188° ( l i t 107 value 186°). (Found: C, 89.4#; H, 5 . 7# .
C23H18°  re(lu:Lres c i S9.1#; H, 5 . 8#) IR (KBr): X  6 .2 5 , 7*3 
(a ry l C-C v ib ); 8 .2 , 9 .0  (C-0 S tr );  12*3, 13*4 (a ry l C-H r o c k ) ^ .
C
v
k
IOU
$  (CDC1 ): 1 .69  (S 6H.); 7 .4-7*8 (m u ltip le t 1 OH); 8.61
5 A
(dd 2Hp, J 3Q1 9 Ilzi J g]3  ^ PPm#
7 . 3 .8  7«7-Hiphen.ylene-7H-Dibenzo/c, h7Xanthene
1-Naphthol (57*7 g; 0 .40  m ol), fluorenone (3 6 .0  g; 0 .2 0  mol)
3and phosphorus oxychloride (19  cm ; 0.21  mol) were s t ir r e d
together a t r e f lu x  in  an o i l  bath at 100° ,  a fter  15 minutes a 
v io le n t  reaction  resu lted  in  the lo s s  o f a large proportion of 
the reaction  mixture through the condenser. The remainder was 
washed with methanol, r e c r y s ta ll is e d  once from xylen e/ch arcoal and 
again from xylene to  y ie ld ,  7,7-d iphenylene-7H -dibenzo/c, h7 
xanthene (20 .7  g; 24#) mp 300-302° ( l i t ^ 7 value 2 9 0 °). (Found:
C, 91.7#; H, 4 .6 # . C^H 2Q0  requires C, 91.7%; H, 4 .6 # ) IR (KBr):A  
6 .3 , 7 .1 5 , 7 .3 , 7 .4  (ary l C-C v ib ); 8 .2 , 9 .0  (C-0 S tr ) 1 2 .4 ,
13.45 (ary l C-H rock)^>.
7 .3 .9  2 g2 l-D inaphthylene-1*1 *-Oxide
1-Naphthol (400 g; 2 .78 mol) and vanadium pentoxide (25 g;
0 .14  mol) were s t ir r e d  togeth er , to  minimise bumping, a t 290°
for 2 h . A fter coo lin g  to room temperature the mixture was
3shaken with chloroform (100  cm ) ,  f i l t e r e d ,  and the f i l t r a t e
3washed with 1-N sodium hydroxide (3  x 100 cm ) ,  then w ater, 
evaporated down and d r ied . The residue was d i s t i l l e d  at 
< 0 .5  mm, and the d i s t i l l a t e  r e c r y s ta ll is e d  from 100- 120° bp
•z
petroleum ether (1400 cm ) to y ie ld  2 ,2 ’-d in ap h thylen e-1 , 1 ’-ox id e  
( 2 7 .8  g; 7 -5% based on 1-naphthol; 76# based on vanadium 
pentoxide ) mp 183 .5°-184 .5° ( l i t ^ ^  value 1 7 9 °). (Found:
C, 91.2; H, 4.3%. c20H10° rec*u ires  C» 89.6%; H, 4 .5 # )
IR (KBr);A 7«2, 7 .9  (a ry l C-C v ib ); 7 .9 5 , 8 .4 , 9*4 (C-0 S tr );
12 .4 , 12 .9 , 13 .5 , 13 .8 , 14.9 (ary l C-H rock )/0 .
7 . 3*10 4„4'-D ieth oxy-1 ,1 1-Binaphthyl 
1-Ethoxynaphthalene (86 g; 0 .50  m ol), fe r r ic  ch lorid e  (90 g;
O.55  m ol), and nitrobenzene (600 cm ) were s t ir r e d  together  
under nitrogen a t room temperature for 18 h . The mixture was 
poured in to  methanol (500  cm ) ,  and a s o lid  f i l t e r e d  o f f ,  washed 
with methanol, dried a t the pump and r e c r y s ta ll is e d  from 5 0 /5 0  v /v  
benzene/isopropanol w ith deco lourising  charcoal to  y ie ld
fin
4 ,4 '-d ie th o x y -1 ,1 1-binaphthyl (6 1 'g; 71%) mp 212-213° ( l i t
value 212-213°)* (Found: C, 84.4#; H ,6.4# ^ 2 4 ^ 2 2 ^ 2 re<i u ^ r e s  C, 84.2#;
H, 6 .4#) IR (K B r):X 6.25 (ary l C-C v ib ); 7 .9 , 8 .1 ,  9 .15  (C- 0  S t r ) ; 
1 2 .2 , 13.15 (a ry l C-H rock) p .
_  k c  8  A 
CwgCMxo / /  y~~\
F
S (CDCl^): 1.55 ( t  6Ha , JAB 7 Hz); 4 .16  (q 4 Hg, JAfi 7 Hz);
6 .79  (dd 2HC, JCD 8 .5  Hz); 7 ,1 4 -7 .4 4  (m u ltip le t 8 H); 8.31
(dd 2Hg, Jgj, Hz)
CHAPTER 8 THE PREPARATION AND CHARACTERISATION OF POLYMERS
The monomers were prepared as in  Chapter 7; fe r r ic  ch loride  and 
nitrobenzene were a n a ly t ic a l grade (AnalaR) reagents used without 
further p u rifica tion *
8*1 Poly(Dinaphthy1 Alkylene Ethers)
P o ly (dinaphthyl a lkylen e eth ers) were prepared by the reaction
   _
of dinaphthyl a lk y l ethers (0 . 15- 0*25 . iao^ot^ C. )  with
fe r r ic  ch loride (0-25  mol % excess; ca lcu la ted  from the 
sto ich iom etr ic  requirement o f 2 mol fe r r ic  ch loride per mol 
o f monomer) in  nitrobenzene. The example below i s  ty p ic a l o f  
the polym erisation o f the su b stra tes given in  Table 8-1  •
8.1*1 Poly(Dinaphthyl Propylene Ether)
1 ( 1-naphthoxy)propane (2 6 .5  g; 0 .0 8  mol) fe r r ic  ch lorid e  
(2 8 .6  g; 0 .176  mol) and nitrobenzene (500  crn )^ were s t ir r e d  
under a stream of n itrogen  a t room temperature. The e x it  gases  
were passed in to  water and t it r a te d  aga in st 1-N sodium hydroxide 
so lu tio n  u n t i l  a constant t i t r e  was reached. The nitrobenzene  
mixture was then poured in to  v igorou sly  s t ir r e d  methanol and 
the p rec ip ita ted  polymer c o lle c te d  and worked up by one o f the 
methods described in  8 . 5 *
TABLE 8 -1
POLYMERISATION OF 1 »m PI (1-NAPHTHOXY) ALKANES AND ANALOGUES
Monomer Scale(molar)
Cone
(m ol/1 )
xs.FeC l 
(mol %)
Temp
(° )
Time
(h)
hcl
{%) RV3,
Iron
(ppm)
M2C 0®02 0 .2 25 RT 18 79 I5b 250
It it it it 40 21 92 IS 350
tl it ti ii 100 4 99 \ $
M3 0.03 0 .2 0 0 RT 21 82 0.31 200
II 0 .0 8 0 .1 6 5 RT 18 84 0 .9 0 150
II 0 .0 2 0 .1 8 10 RT 22 96 2 .6 0 125
It 0.035 0 .2 0 20 RT 22 90 6 .1 6 250
It 0 .0 2 0.19 25 RT 22 95 11 .09 300
M4 0.01 0 .2 0 25 RT 17 92 1S 300
it it tt ti 50 4 96 i s
it ii tt tt 90 5 99 «5 -
M3 0 .1 0 0 .1 7 10 RT 20 8° 0 .99 100
tl 0 .0 5 0 .2 0 15 RT 18 90 6 .1 6 1650
II tt ti 20 it 22 94 6 .7 0 1650
M6 0.01 0 .2 0 25 RT 19 80 IS -
it tt tt it 60 19 83 IS -
ti tl it ii 94 17 102 IS -
M7 0 .0 2 0.17 10 RT 2 86 < 0 .8 9 2250
ii 0 .0 5 0 .2 0 15 RT 17 93 < 0.81 -
M10 0.01 0.14 10 RT 3 87 IS -
M12 0.01 0 .2 0 20 RT 3 97 15
co ld
-
a Reduced v is c o s ity  (described in  Section  8 .4 .1 ) .  
b Insoluble®
c -M.. r e fer s  to  the no methylene groups in  the structu re  I
X
8 * 1 * 2  The S t o i c h io m e t r y  o f  t h e  P o ly m e r i s a t io n
1 .3-D i(1-naphthoxy)propane (5*1 g; 0.0155  m ol), f e r r ic  ch loride
3( 8 .1  g; 0 .0 5 0  mol) and nitrobenzene (25  cm ) were s t ir r e d  together  
a t room temperature under n itrogen for 4 h . The evolved HC1 was
passed in to  water and t itr a te d  again st 1-N aqueous potassium
3
hydroxide (20.1  cm ; 0.0201  m ol). The nitrobenzene mixture was
then poured in to  v igorously  s t ir r e d  methanol, and dried a t
100°/5 mm (4 .3  g ; ^ ° 1^ o ro ^ t h a W « ° * 3 8 ) * a e
methanol f i l t r a t e s  were combined, made up to  1 1 with 0 .1
3
N-sulphuric acid  and 25 cm a liq u o ts  t itr a te d  again st 0 .05  M 
e er ie  sulphate ( t i t r e  14.7 cm ; equivalent to  0 .029 mol ferrous  
io n ) .  The f i l t r a t e  was found to contain  0 .46  g .io n s  o f ' t o t a l  
ir o n . The nitrobenzene was recovered from the remaining f i l t r a t e  
by adding 1 1 water, was dried over calcium ch lo r id e , and 
examined by mass spectrom etry. No traces of any reduction  
products o f nitrobenzene were d etected .
8 .1 .3  The V ariation o f Reduced V isco s ity  with Time
1 .3- D i- ( 1-naphthoxy)propane (2 6 .3  g; 0 .0 8  mol) fe r r ic  ch lorid e  
( 2 8 .6  g; 0 .176  mol) and nitrobenzene (300  cm^) were s t ir r e d  
together under n itrogen a t room temperature, and a t p eriod ic  
in te r v a ls  a liq u o ts  were withdrawn using a pipette^added to  
b o ilin g  methanol (100  cm ) and the p rec ip ita ted  s o lid  f i l t e r e d  
o f f  and dried a t  135°/10 mm. The reduced v i s c o s i t i e s  which were 
measured as a 1# so lu tio n s  o f the s o lid s  in  1-chloronaphthalene, 
at 25°, are shown in  Table 8 -2 .
TABLE 8 - 2
Polym erisation
Time
(min)
l i t r e  
4N NaOH 
( c i i k )
Volume 
Sample 
(cm 3)
Y ield
Polymer
(g)
^ ^ - C h lo r o n a p h t h a le n e
0 0 - - 0.035
15 11 7 0*6 0 .1 2
30 19.5 9 0*8 0 .2 6
r-
45 22 11 1*0 0.43
60 26 7 0*7 0 .5 6
90 27.5 7 0*7 0 .6 5
135 28 7 0*6 0 .8 8
.180 29 7 0*6 0 .8 8
230 29 7 0*6 0 .94
1200 29*1 7 0*6 0.94
1605 29*1 7 0 .7 0*92
8475 29*1 - - 0 .97
8*2 Polym erisation and Attempted Polym erisation o f Other Substrates
The other su b stra te s , such as diphenyl e th er , which were 
subjected to  the polym erisation cond ition s described in  8 «1.1  
did not a l l  y ie ld  polymers* The data obtained from these  
systems a^co. lim ited  to  a measure of the to ta l  evo lu tion  o f HC1 
and to a cursory examination o f  any methanol in so lu b le  m a ter ia l, 
such as a simple combustion t e s t  to  determine i f  the m ateria l was 
e s s e n t ia l ly  organic or inorganic* I f  the products were t o t a l ly  
so lu b le  in  methanol further in v e s tig a tio n  was abandoned, on the 
assumption th at high polymer had not been formed*
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8*3 Polymer Work Up and Fabrication
Recovery o f polymer by p r e c ip ita tio n  in to  methanol was found to  
leave varying amounts o f resid u a l iron  (100  -  10,000  ppm) in  the 
polymer which were reduced in  quantity by the fo llow in g  methods.
8*3*1 S o lid  Liquid Deashing
The p rec ip ita ted  polymer was washed with a so lv en t such as 
methanol or hydrochloric a c id , e ith e r  su c c e ss iv e ly , or continuously  
in  a Soxhlet type apparatus*
8*3*2 Liquid-Liquid Deashing
The polymer was d isso lved  (or the f in a l  reaction  mixture was used 
d ir e c t ly )  in  1-chloronaphthalene or nitrobenzene and e ith e r  
shaken with su ccessiv e  portions o f concentrated hydrochloric acid  
or continuously Mr acted with constant b o ilin g  hydrochloric acid  
in  an upward displacem ent liq u id - liq u id  extractor*
8*3*3 Compression Moulding
Powdered polymer contained between two sh eets  o f 0*007 inch th ick
aluminium f o i l  was placed in  an e le c t r ic a l ly  heated p ress ,
preheated to  30-80° above the Tg or Tra o f the p a r ticu la r  sample,
■ —2and the pressure increased to , and maintained a t ,  14*6 MNm 
(measured as to ta l  pressure on a 4 inch diameter ram) fo r  3 minutes* 
The moulding was then e ith er  rap id ly  cooled in  the press by 
passing water through the p la t te n s , or removed from the press a t  
the moulding temperature and quenched in to  a mixture o f ic e  and 
water* Whenever p o ss ib le , polymer film  was pealed from p la te s  
and e ith er  reta ined  as film , or cu t in to  s t r ip s ,  which were 
d ried , and further pressed in to  an ^ inch th ick  plaque by a 
sim ilar  process using a mild s t e e l  template*
1 8 7
8.3*4 Solvent Casting
A concentrated so lu t io n , ju s t  v iscou s enough to  pour, o f polymer 
was prepared in  a low b o ilin g  so lv en t, and was then spread 
as a 0 ,010  inch th ick  sh eet onto a s ta in le s s  s t e e l  p la te  held  
in  an apparatus designed for ca stin g  th in  layer chromatography 
p la te s . The film  was dried in  a ir  u n t i l  i t  had s u f f ic ie n t  
strength  to  be peeled from the p la te  and then dried in  an oven,
8 ,4  C haracterisation o f Polymers
Infra-red spectra  (KBr d isc s  or th in  film s) were recorded on a 
Perkin Elmer 157 spectrom eter, and were compared with sp ectra  
of both monomers and model compounds.
Nuclear magnetic resonance sp ectra  of low reduced v is c o s ity
poly (dinaphthyl propylene ether) W * recorded in  chloroform
s  E c  g  .—.
s o l u t i o n : -----\
6  (CDC1 ):■ 2 ,6  ft 2H^); 4 .25  (m u ltip let 4Hfi) ; 6 .9  (d 2HC,
8 Hz); 7*3 (m u ltip le t 8 H); 8 .3  (dd 2 H ,^ 8 Hz) ppm.
No su ita b le  so lv en ts  were found to  record the whole spectrum 
of higher RV m aterial or of other polymers.
8 .4 .1  Reduced V isco s ity  (RV)
Polymer (0 .25  g) was d isso lved  in  1-chloronaphthalene and the
-Z
so lu tio n  made up to  25 cm . The flow time of the so lu tio n  ( t )
was measured in  a grade B (or C) U-tube viscom eter, in  a
thermostated bath at 25°• The flow  time o f the pure so lv en t (to )  
was measured in  the viscom eter a t the same tem perature.
Reduced v is c o s ity  (RV) = —to c
with c = 1 i 3 * for a l l  values quoted in  th is  th es is*
8*4*2 Melt V isco s ity
Measurements were made with a ram extruder (ICI designed and 
constructed) a t temperatures between 250- 350° and at a shear 
rate  o f 1000 sec • The machine con sisted  o f a heated barrel 
(1 cm diameter x 15 cm long) with an|o-Sv'Sc»n.thick d ie  w ith a 
0*5 mm h o le  a t the bottom* Compacted polymer was introduced  
in to  the barrel and forced through the d ie  with a ram driven by 
a constant speed e le c tr ic  motor* The pressure on the ram was 
measured with a s tra in  gauge* Conversions for motor speed to  
shear r a te , and pressure readings to  shear s tr e s s  had prev iou sly  
been made with standard samples so  a simple conversion fa c to r  
(fo r  a s e t  gauge, speed and d ie) gave melt v is c o s ity  from pressure  
reading*
8*4*3 Impact Strength
Notched impact strength  was measured on specimens o f the nominal 
dimensions shown below:
FIGURE (8-1)
which were machined from compression moulded p laques.
 ^ = length  (2 in )
w = width (0 .2 5  in )
t = th ickness (0 .1 4  in )
r = notch radius (0 .08  in )
d -  depth (0 .1 4  in )
The exact dimensions (except radius) were measured fo r  each 
specimen before t e s t in g . The t e s t  was carried  out on a Hounsfield  
P la s t ic  Impact Machine (Tensometer Ltd, 81 Morland Road, Croydon), 
in  a Charpy type t e s t .  The specimens were supported a t 2 po in ts
1 .3  inch apart and struck a t 2 p o in ts (x on diagram) on the 
narrow face (0 .14  in ) opposite the notch by a pendulum dropping 
from a height o f 1 fo o t . The energy required to  break the 
specimen was ca lcu la ted  from the resid u a l energy o f the pendulum* 
measured as the d istance tr a v e lled  a f te r  impact• The pendulum 
weight ( l /3 2  lb -  2 lb )  w a s'se lected  to  g ive a reading o f 0 .2
to  0 .8  on the t e s t e r .  Hence:
I? x  W «■Notched impact stren gth  = ^ x 2.1 KJm
where R = reading on te s te r
V/ = weight o f pendulum (lb )
-1  -22.1 i s  conversion from f t  lb  in  to  KJm
The median o f f iv e  or s ix  specimens was se le c te d  as in  Table 8-3# 
TABLE 8-3
The Impact Strength o f Poly(dinaphthyl pentylene eth er) with 0 .0 8  in
Radius Notch
d
(in s )
t
( in s )
Pendulum
Wt
(lb )
Reading IP-2  (KJm )
0 .140 0.128 0 .3 0 .1 6 9.35
0.141 0 .128 O.23 0 .29 8.43
0.138 0.129 0.23 0.33 9*74*
0.137 0.129 0.25 0.42 12 .2
O.139 0.129 0 .2 3 0 .34 1 0 .0
* Median value
Un-notched impact stren gths were measured on specimens of the  
same s iz e  as in  Figure 8-1 but without the notch, and they were 
struck on the wide (0 .2 3  in )  face#
8*4.4  D ensity
D en sities  were measured on samples o f compression moulded f ilm . 
The samples were weighed in  a ir ,  and then in  water, by suspending 
the sample from a length  o f pre-weighed 44 SWG w ire. Whence:
„ Wt m  a ir  (W) ^density  o f u lm  =   7??—, r—  x D■ W -  Wt in  water
where D = d en sity  o f water a t temperature o f measurement.
iy i
8 ,4 .5  C r y sta llin ity  and M elting Points
The c r y s ta l l in ity  in  the polymers was estim ated by v isu a l  
examination o f X-ray d if fr a c t io n  photographs. M elting poin ts  
and c r y s ta ll i s a t io n  from the melt and from the amorphous s ta te  
were in v estig a ted  by d if fe r e n t ia l  scanning calorim etry using a 
Perkin Elmer DSC -  1B instrument with 10 mg samples and 
heating and coo lin g  r a te s  o f 16 min • Temperature c a lib r a tio n  
was made by observing the onset of m elting o f standard metal 
samples ( t in  and cadmium). :
CHAPTER
9*1
2 k i n e t i c  s t u d i e s
P u rifica tio n  of Reagents
1-Ethoxynaphthalene was prepared as in  7*2*1, r e d is t i l le d  at 
106-108°/5  mm and stored  over Linde 4A molecular s ie v e s  in  a 
dark g la ss  b o ttle*
Ferric ch loride was sublimed under ch lorin e  and stored  in  a 
vacuum d esicca tor  over phosphorus pentoxide*
4 ,4 ’-Diethoxy 1 ,1 '-binaphthyl was prepared as in  7*3*10 and tw ice  
r e c r y s ta llis e d  from 5 0 /50  v /v  benzene/isopropanol with  
decolourising  charcoal*
Nitrobenzene was d i s t i l l e d  from fe r r ic  ch loride a t 5 5 -4 0 ° /
0 *5- 1*0 mm in to  a dried f la s k , stored  in  a d esicca to r  over 
phosphorus pentoxide and used w ith in  48 h*
The Stoichiom etry o f the Reaction
The k in e t ic  measurements in  th is  Chapter, and the s tu d ie s  o f
interm ediates o f Chapter 10, were carried  out on the d im erisation
of 1-ethoxynaphthalene with fe r r ic  ch lorid e  in  n itrob en zene.
The stoichiom etry was in v estig a ted  as fo llow s:
nitrobenzene (50  cm^), a so lu tio n  o ffe r r ic  ch lor id e  in  nitrobenzene
(5 cm , 5*55 x 1Q mol ) and a so lu tio n  o f 1-ethoxynaphthalene
3 —2 —1in  nitrobenzene (0*5 cm ; 5*55 x 10 mol ) were s t ir r e d  in  a
sea led  f la sk  for 18 h , then extracted  with M/20 e e r ie  sulphate
so lu tio n  (25 cm*'*) and water (5  x 40 enr )^*
3 3The ex tra cts  were combined, made up to  250 cm , and 50 cm
portions were back t itr a te d  aga in st ferrous sulphate so lu tio n
3 3 3(5 cm = 5*35 cm W/20 Ceric su lp h a te ). The t i t r e  o f 3*75 cm
corresponds to a concentration o f ferrous in  the nitrobenzene  
_4 -1
of 2*49 x 10 mol « A nalysis o f the nitrobenzene by GLC
-4
gave the concentration o f 1-ethoxynaphthalene as 2*24 x 10 mol
K inetic Measurements by Continuous Methods 
The Rate of Evolution of HC1
1-Ethoxynaphthalene (0*486 g; 2*8 x 10*^ mol) was added to  a 
vigorously  s t ir r e d  so lu tio n  o f  fe r r ic  ch lorid e  (0*658 g;
4*06 x 10  ^ mol) in  nitrobenzene (200 cm ) under n itrogen  
and thermostated a t 24*9 -  0 .1 ° .  At in te r v a ls , samples were 
withdrawn for 1-ethoxynaphthalene a n a ly s is . The evolved HC1 
was passed in to  water, contain ing phenolphthalein in d ic a to r , 
and t itr a te d  against 0*1 N sodium hydroxide so lu tio n , as shown 
in  Table 9-1*
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TABLE 9-1
A COMPARISON. OF THE EXTENTS OF REACTION BASED ON HC1
EVOLVED AND 1-ETHOXYNAPHTHALENE CONSUMED
Time
(se c s )
HC1 Evolved 
(1CK x mol)
M-Ethoxynaphthalene 
Concentration in  Total 
(1CK x mol)
0 0 2 .8 0
39 0 2 .17
111 0 .0 3 1.84
189 0*09 ■1.51
324 0 .2 0 1.76
432 0 .2 8 -
343 1.57
576 0 .37 -
733 - 1.31
792 O.36 -
9S6 0 .6 6 -
1011 - 1 .40
1116 - 1.29
1146 0 .7 4 -
1266 - 1 .2 8
1296 0 .8 0 -
1530 - 1 .1 0
1366 0 .8 8 -
2022 - '0.99'
2058 1.02 -
27 57 1 .18 -
3960 1 o33 0 .2 8
9*3®2 The Rate o f Exchange o f the Ferric/Ferrous 
Redox P o ten tia l
The example i s  ty p ica l o f a s e r ie s  of experim ents, where the 
i n i t i a l  concentrations of fe r r ic  ch lorid e  and 1-ethoxynaphthalene 
were varied .
3 —1A so lu tio n  of 1-ethoxynaphthalene (0 .5  cm ; 1 .00 mol 1 ) in
nitrobenzene was added to a s t ir r e d  so lu tio n  o f ferr ic  ch loride
3 —3 —1 \(125 cm ; 4 x 10 J mol 1 ) contained in  a three necked f la s k .
Nitrogen was bubbled through the so lu tio n  v ia  a syringe needle
in  the centre neck and platinum and methanolic calom el e lec tro d es
were in serted  v ia  the s id e  necks. The e lectrod es were connected
to  an E I L Model 23A d ir e c t reading PH meter, and the change in
emf was recorded against time e ith e r  manually or w ith a pen
recorder as shown in  Figure 9-1•
popar'l 5 0 0 5
. 10mm
K inetic Measurements Involving Sampling
The tabulated r e s u lt s  in  th is  s ec tio n  are ty p ica l o f a s e t  o f  
r e s u lt s ,  where the i n i t i a l  concentrations of the su b stra tes  
were varied .
The Rate o f Appearance o f Ferrous Ion
A so lu tio n  o f 1-ethoxynaphthalene in  nitrobenzene (2 .0  cm ;
—11 .0 0  mol 1 ) was added to  a s t ir r e d  so lu tio n  o f fe r r ic  ch lor id e
(O.65  g; 0 .004 mol) in  nitrobenzene (98  cm^).
At measured in ter v a ls  samples (2 cm^) were withdrawn using  a 
syringe?rapid ly  in jec ted  in to  water, and t itr a te d  aga in st  
0.05 M eer ie  sulphate so lu tio n  using an ortho-phenanthroline/ 
ferrous sulphate in d ic a to r , to  g ive  the r e s u lt s  in  Table 9 -2 .
TABLE 9 - 2
RATE OF APPEARANCE OF FERROUS ION,
—P —1
/ f e C l - J  = 4 x 10 mol 1 /^ -E th oxyn ap h th alen e7  =
2 x 10”  ^ mol
Time
(se cs)
T itre
(c m V 0 .0 5  M Ce(S04 )2 )
_ /F e rro u e J   ^
10 (g .io n s  l i t r e  )
0 - -
60 0.13 3 .3
360 0*20 5*0
666 0*22 5*5
960 0 .2 2 5.-5
1320 0 .24 6 .0
1740 0*33 8 .3
2160 0 .37 9*2
2580 0.42 10*5
3600 0*53 13.2
4500 0*63 13.7
5760 0 .6 0 15.0
636O 0*71 17.7-
6660 O.63 15.7
69OO 0*90 22*5
•4 .2  The Rate o f Appearance o f Ferrous Ion in  
the Presence o f HC1
Ferric ch loride (0*65 g» 0*004 mol) was d isso lved  in  a s t ir r e d
3 —1so lu tio n  o f HC1 in  nitrobenzene (100 cm ; 0*143 *nol 1 ) •  A
so lu tio n  o f 1-ethoxynaphthalene in  nitrobenzene (2  crn ;^
-1
1*0 mol 1 ) was added, and a t measured in te r v a ls  samples
were withdrawn using a syringe and rap id ly  in jec ted  in to  weighed 
a liq u o ts  o f water. The aqueous mixtures were re-w eighed, then  
t itr a te d  with 0.01 M e e r ie  sulphate using ortho-phenanthroline/ 
ferrous sulphate in d ica to r . The r e su lts  are presented in  Table 9-3* 
TABLE 9-3
THE RATE OF APPEARANCE OF FERROUS ION.
/FeCl^ 7 q = 4 x 10  ^ mol 1 \  /T-Ethoxynaphthalene7  ^ =
2 x IQ*"2 mol 1~ \  = 0.143 mol l “ 1
Time
(se c s)
Sample Wt 
(g)
T itre  
(cm ) 1C
L Ferrous )-  
7 (mol 1~ )
0 . - - -
180 4.37 1.78 4.95
480 2.98 1 .0 0 4.1
780 4.54 1.90 5.1
1080 2.87 1 .6 0 6 .8
1380 3 .6 8 2 .8 0 7 .6
1980 3-39 2.40 8 .6
2380 4.64 4 .10 10.75
3180 5 .2 2 4 .50 11 .8
6900 3 .40 3 .3 0 12.5
8160 4.89 4.85 11.8
9180 3.78 3 .4 0 10 .9
10,380 4 .27 4 .80 1 3 .6
14,220 0 .9 0 1.27 17.2
15,000 0.71 0.94 16.1
9*4.3  The Rate o f Disappearance o f 1-Ethoxynaphthalene
1-Ethoxynaphthalene (0.0354 g; 2 .03  x 10~^ mol) was added to
a s t ir r e d  so lu tio n  o f fe r r ic  ch lorid e  (0*0863 g» 5*33 x 10~^ mol)
in  nitrobenzene (200  cm ) ,  under n itrogen , and thermostated  
+ 0at 24*9 -  0*1 • At in te r v a ls  a liq u o ts  were withdrawn and in je c te d
in to  weighed fla sk s  o f a so lu tio n  o f diphenyl ether in  m ethanol.
3The fla sk s  were re-weighed, and the volume made up to  23 c m . The 
concentrations o f 1-ethoxynaphthalene were measured by GLC.
The r e s u lt s  are presented in  Table 9-4- and other r e s u lt s ,  obtained  
at 7 ° , in  Table 9-3*
TABLE 9-4
THE RATE OF DISAPPEARANCE OF 1-ETHOXYNAPHTHALENE AT 23°;  
/r-ETH0XYNAPHTHALENE7  ^ = 1.01 x  10~3 mol 1 ~ 1 .
/FeCl.^ 7  = 2 .6 ?  x 10~3 mol l "1
Time Sample Wt GLC A nalysis (1-Ethoxynaphthalene) 
(se c s )  (g) (mg/23 cm3) 10  ^ (mol 1~ )
0 -  ■ - 1.01
24 3*622 0.72 0 .895
31 6 .103 0 .7 2 0 .8 2
79 3*623 0 .64 0.795
102 6.406 0*73 0 .8 0
123 6.362 0 .6 6 0.725
136 3*506 0 .6 0 0 .76
198 6.095 0 .57 O.65
223 5*178 0.48 O.65
327 5*195 0.46 0 .6 2
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TABLE 9-5
THE RATE OF DISAPPEARANCE OF 1-ETHOXYNAPHTHALENE AT 7 ° . WHERE
/I-ETHOXYNAPHTHALENE?. -  1 .2 8  x 10“5 mol I - 1 . AND
/feC l„
—
7  = 3-62  x 10 mol
Time
(se c s)
Sample Wt 
(g)
GLC A nalysis  
(mg/2 5  cnr)
/I-Ethoxynaphthalene7  
1CT (mol 1 )
0 - - 1 .28
23 5-193 0.71 0 .9 6
72 5-802 0 .67 0.81
124 6.104 0.67 0 .77
191 6 .008 0 .55 0.64
241 6 .110 O.56 0 .6 4
305 6 .016 0.53 0 .6 2
376 6.001 O.56 0 .6 6
433 6.131 0 .57 O.65
520 6 .396 0 .54 0.59
612 6 .230 0.49 0.55
For GLC measurements a Varian 1200 chromatograph, with 2 metre 
s ta in le s s  s t e e l  column packed w ith 20 w/w % s i l ic o n e  (OV 1) on 
c e l i t e  (72-80  mesh), and nitrogen  ca rr ier  gas was used . The 
columnl/was maintained a t 150° ,  and the flame io n isa tio n  
detector a t 300°*
Diphenyl ether was se le c te d  as an in te r v a l standard because o f  
i t s  reten tio n  tim e, shown in  Table' 9-6 in  comparison to  the  
so lv en ts , su b strates and other p o ten tia l standards. .
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TABLE 9-6
THE OTHER SPECIES PRESENT IN A QUENCHED SOLUTION
Sample R etention Time(min)
Methanol < 0 .4 a
Nitrobenzene w 1 .4
1-Ethoxynaphthalene 9 .4
2-Ethoxybiphenyl 1 .4
1 ,3- d i - ( 1-naphthoxy)propane 1 .6
1 , 3-Diphenoxypropane 2 .4
2-Ethoxynaphthalene 2 .4
i-Phenoxynaphthalene 4 .6
Diphenyl Ether 6 .0
1,3-D initrobenzene 6 .8
a Off sca le  peaks#
The s t a b i l i t y  of a quenched so lu tio n  was demonstrated as fo llow s: 
1-ethoxynaphthalene (0#7 rag), fe r r ic  ch lorid e  (114 mg), diphenyl 
ether (1*0 mg) and nitrobenzene (4#1 cn?) were d ilu ted  with
3
methanol to  25 cm . The concentration o f 1-ethoxynaphthalene
—'I
was found by GIG a n a ly sis  to  be 28 mg 1 when analysed
im m ediately, and again three days la t e r .
K inetic Measurements on Independent Reactions 
The Rate of Disappearance of 1-Ethoxynaphthalene
3A so lu tio n  of 1-ethoxynaphthalene in  nitrobenzene (5 cm ;
—2 —11.22  x 10 mol 1 ) was s t ir r e d  with a g la ss  enclosed magnet
in  a dried standard fla sk  (23 cm ) a t ambient temperature, and
3a so lu tio n  of fe r r ic  ch loride in  nitrobenzene (0*5 cm ;
-10 .2 2  mol 1 ) was rap id ly  added using a sy r in g e . The rea ction  was
3quenched by the rapid add ition  of methanol (5-7  cm )•  The 
reaction  was timed from the moment o f f i r s t  mixing o f the two 
nitrobenzene so lu tio n s  to  the moment o f add ition  o f methanol, 
using a stopwatch. A so lu tio n  o f diphenyl ether in  methanol 
(5 cm?) was added and enough methanol to  make up to  25 cm^. This 
procedure was repeated for d if fe r e n t rea ctio n  tim es, in clu d in g  
a zero reaction  time standard where methanol was added before the 
fe r r ic  ch lorid e  so lu t io n . The samples were analysed for  
1-ethoxynaphthalene by GLC (S ection  9 .4 .3 )#  The data from the  
experiments are shown in  Table 9 -7 , 9 -8 .
TABLE 9 - 7
THE RATE OF DISAPPEARANCE OF 1-ETHOXYNAPHTHALENE;
2 .25  x IQ' 3  mol 1~1
Time
(se c s)
/^-Ethoxynaphthalene? 
10  ^ (mol 1  )
(a) 0 2.03
2.1 1.71
2 .5 1.78
2 .6 1.75
2 .9 1.79
3-4 1.69
4.1 1.62
4 .4 1.83
.5.1 1.53
3-7 1 . 6 1 .
6 .2 1.53
7.1 1.56
8 .2 1.45
10.2 1.45
11.7 1.45
14.5 1.60
25.9 1.33
i 0 5 .0 0
1 .4 4 .58
1.45 4.68
2.1 4.33
2 .2 4 .5 8
2 .8 4.53
' 3 .33 4.48
4 .0 4.45
4.33 4.45
3 .3 4*49
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(c) 0 10.93
2*2 10.58
2 .9 10.53
4 .0 10.56
6.1 10.51
9*3 10.21
(d) 0 3 0 .0
1*3 29.5
1 .4 29.3
1 .4 29 .6
2.1 29.5
2*3 29 .7
2 .8 29.3
3*3 29*3
4.1 29 .4
5*6 29.4
TABUS 9 - 8
THE RATE OF DISAPPEARANCE OF 1-ETHOXYNAPHTHALENE;
/ ’[-ETHOXYNAPHTHALENE? = 1.095  x 10“5 mol l "1
z i ecv 7 o -i103 (mol r 1)
Time
(se c s )
1-Ethoxynaphthalene 
1CT (mol 1 )
(a) 1 .5 0 10.95
1 .0 10.72
1 .4 10.67
1.5 10.76
1 .7 10.65
2 .4 10.71
2 .9 10.67
3 .4 10.61
5 .3 10.58
(b) 5 -5 0 10.95
1 .5 10.33
2 .3 10.56
2 .5 10.56
3.1 10.28
3 .5 10.20
4 .2 10.33
5 .2 10.10
5 .6 9 .97
6 .8 9 .84
7 .7 10.18
C.V (
(c ) 5 .5 0 10.95
6.1 9 .6 0
9.1 9.90
14.9 9.51
22.1 9.57
33 .5 9.42
50 .4 9.45
72.5 9.24
100.4 9 .2 0
145.4 9.15
199.6 9.21
'.(d) 11 .0 0 10.95
1 .9 9.39
2.1 9.25
3 .4 9 .16
5 .8 9.28
7 .4 9.05
52 8 .7 0
(e) 20 0 10.95
1.1 8 .42
1 .4 8 .2 0
2 .0 8 .0 2
2.1 8.07
2 .5 7.93
3 .2 7.85
3 .9 7 .8 2
5 .1 7.75
9«5®2 The Rate o f Disappearance o f 1-Ethoxynaphthalene 
Under Nitrogen
The procedure was as in  Section  9*5.1 except that a stream of 
nitrogen was bubbled through the so lu tio n  to  provide both an 
in e r t  atmosphere and s tir r in g *  The data from the experiments 
are shown in  Tables 9-9  and 9-10*
TABLE 9-9
TH& RATE OF DISAPPEARANCE OF 1-ETHOXYNAPHTHALENE UNDER NITROGEN; 
/?~ETH0XYNAPHTHALBNE7v = 1.095 X 10~2 mol l “ 1
# eC13- 7 o 
10? (mol l”1)
Time
(se c s )
/ I -Ethoxynaphthalene7 
10? (mol I- 1 )
(a) 2*23 0 10.95
1 .4 10*32
2*2 10.43
2*3 10.43
2 .6 10.48
3 .2 10.56
3 .7 10.42
4 .3 10.55
5 .7 10.55
(b) 4 .00 0 10.95
1 .3 10.34
1 .4 10.12
1 .9 10.44
2 .1 10.21
2 .8 10.26
3 .2 10.08
4 .0 10.03
5 .3 10.40
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(c) 8 .0 0 0 10.95
1 .6 9.63
1*6 9.71
1 .9 9.81
2.1 9.76
2 .5 9.69
3.1 9.77
4 .2 9.61
5 .2 9.57
TABLE 9 - 1 0
THE RATE OF DISAPPEARANCE OF 1-ETHOXYNAPHTHALENE UNDER NITROGEN; 
/ F e C l 7  ^ = 2 .23  x 10~3 mol l "1
Time
(se cs)
/I-Ethoxynaphthalene7
1CT (mol 1 7
(a) 0 7.14
1 .4 6 .7 6
1.5 6 .88
1.9 6 .8 0
2 .2 6.95
2 .7 6 .76
3,1 6 .63
4 .2 6 .49
5 .3 6 .5 8
(b) 0 2 0 .0
0.95 19.52
1.45 19.42
1 .60 19.38
4 .2 19.19
8 .0 19.35
9*5*3 The Rate o f Disappearance o f 1-Ethoxynaphthalene 
in  the Presence of HC1
Dry HCl, generated by adding sulphuric acid  to  potassium ch lo r id e , 
was passed in to  nitrobenzene# A liquots (5 cm ) o f the so lu tio n
•z
were d ilu ted  with methanol (50  cnr) and t itr a te d  p o ten tio m etr ica lly  
(g la s s  e lectrod e  and calom el referen ce e lectrod e) with 0*1 N 
potassium hydroxide so lu tion *  Further so lu tio n s  were prepared 
by d ilu tio n  o f the above, but were too d ilu te  to  produce a c lea r  
end point#
K inetic rims were carried  out as in  9*5*1, but the nitrobenzene  
so lu tio n  o f HC1 replaced the nitrobenzene as so lven t#  The data 
from the experiments are shown in  Table 9-11*
TABLE 9-11
THE RATE OF DISAPPEARANCE OF 1 -ETHOXYNAPHTHALENE IN THE PRESENCE OF HC1;
/i-ethoxynaphthalene7  ^ = 5*00 x 10"^ mol i "1
/ FeCl _7  ^ = 5 .0 0  x 10-3 mol 1~1 
/HCl70 Time /T-Ethoxynaphthalene7
'  103 (mol r 1) (se cs )  1° 3 (mo1 1 ~ 1 )
(a) 560  0  5*00
60 .7  5 .0 0
299*6 5 .0 0
3^20 5 .0 0
(b) 11*2 0  5*00  .
4*9 4 .63
10*1 4*86
11*4 4.51
1 6 C8 4 .4?
2 6 .6  4*42
63 4*49
300  4 .7 7
(c) 5 .0 4 0 5 .00
5 .1 4 .9 0
10.7 4.83
15.5 4 .72
29.1 4 .59
100.3 4 .56
(d) 3 .4 0 5 .0 0
1.25 4 .46
1 .8 4.33
2 .2 4.39
2 .3 4 .29
2 .9 4 .25
3 .0 4 .25
3 .3 4 .25
3 .9 4.26
5 .3 4.21
6 .4 4.25
(e) 0.504 0 5 .0 0
2 .7 4.92
3 .9 3 .98
8 .8 4 .00
20.1 3 .92
5 2 .0 3 .89
( f ) Zero 0 5 .0 0
1.6 4.11
1 .8 3 .99
2.1 3-96
2 .4 4 .02
2 .8 3 .99
3 .7 3 .92
4 .3 4.11
, 4 .8 4 .0 0
7 .3 3 .9 4
9 .3 3 .93
9 * 5 * 4  The R a te  o f  A p p ea ra n ce  o f  F e r r o u s  I o n
The concentration o f ferrous ion  in  quenched rea ctio n s was 
estim ated co lo ttr im etr iea lly . The independent reaction
procedure of 9 *5 .1  was used, but a fte r  add ition  of raethanoi a
3 —1 .so lu tio n  (5 cm ) contain ing both 1 , 10 phenanthroline (0 .0 6  mol 1 )
-1and phorphoric acid  (0 .2 0  mol 1 ) in  methanol was added,
together with s u f f ic ie n t  raethanoi to  make the volume up to
325 cm . The absorbances o f the so lu tio n s  a t th e ir  max were 
measured on an SP.800 spectrophotometer in  10 ram quartz c e l l s ,  
aga in st a methanol referen ce .
The data from these experiments are shown in  Tables 9 -12 , 9-13»
9-14 , 9-15*
TABLE 9-12
THE RATE OF APPEARANCE OF FERROUS ION; 
/F e C l,_7q = 2 .23  x 10-3  (moi  i~ 1 )
/1-Ethoxynaphthalene7Q 
10* (mol I ’ 1)
Time
(se c s )
/Ferrous?  
104  (mol l" 1 )
(a) 2 .03 0 0
1 .4 0.653
2 .1 0.677
2 .5 0.677
3*0 0.645
3*4 0.645
3 .9 0.645
. 5.1 0 .7 1 0
6 .6 0 .718
■(b) 5 .0 0 0 0
1 .2 0 .823
2 .3 0.855
3 .2 0.871
3 .5 0.903
4 .3 0.911
5 .3 0.935
6 .7 0.943
7 .5 0.992
(c ) 10.95 0 0
1 .6 0 .879
2 .2 0.887
2 .5 0.903
3 .0 0.927
3 .6 0.935
4 .4 0 .960
5 .4 0.976
6 .9 1 .00
(a) 2 0 .0 0 0
1.7 4 .73
2 .3 4.92
2 .7 4 .92
3 .6 5 .03
4 .6 5 .0 3
4 .6 5 .10
6.1 5 .21
8 .2 5 .23
(e ) 3 0 .0  0 0
1 .2 4 .73
2 .7 5 .03
3.1 5 .1 0
3 .3 5 .0 6
3 .7 5.21
4 .3 5.36
3 .9 5 .2 8
8 .3 5 .36
TABLE 9-13
THE RATE OF APPEARANCE OF FERROUS :ION
^-E thoxynaphthalene/^  = 10.95 x 10“^ mol 1
Z ^ e C l ^  Time /F e r r o u s ?
10* (mol l"**1) (se c s ) 104  (mol l" 1 )
(a) 1 .5  0 0
1 .2 2 .5
1 .7 2 .6 4
2.1 2.695
2 .4 2 .53
2 .9 2.75
4.1 2 .8 2
5 .0 2 .8 6
K
\•
VO 2.97
( b ) 4 .0  0 0
1 .2 5*87
1 .6 5 .96
2.1 6.42
2 .4 6 .14
3 .2 6.23
4.1 6 .23
4 .8 6.42
6 . 0 6 .6 0
(c) 8 .0 0 0
1 .0 14.21
1 .6 15.21
2 -1 15.77
2 .2 16.31
3.1 16.86
4 .2 16 .68
5.1 17.41
6 .6 18.33
(d) 10.95 0 0
1 .2 2 1 .4
1 .5 21 .35
2 .0 2 1 .4
2.1 2 2 .0
3 .2 23.1
4 .0 23.5
5 .2 23 .8
6.1 24 .0
(e) 20 .0 0 0
1 .6 42.11
2 .2 46.87
2 .4 46.13
3 .2 44.67
3 .7 47.6
4 .5 46.49
5 .8 46.87
6 .5 47 .6
TABLE 9-14 
THE RATE OF APPEARANCE OF FERROUS ION
^ fe  C lJr/ Q & 1 x 10*“ mol 1
/l-Ethoxynaphthalene/*^  
10  ^ (mol I*”"')
Time
(se c s)
/Ferrous/'
105 (mol 1‘ 1)
(a) 0 .46 0 0
1.1 2.93
1 .4 2.38
1 .9 4 .03
2 .5 3 .8 6
2 .6 3 .32
3 .2 6.05
4 .2 6.05
5 .2 5 .87
(b) 1.54 0 0
1 .3 6 .05
1 .8 5 .8 6
2 .2 7 .8 8
2 .6 6.41
3 .2 6.41
3 .6 7 .70
4 .2 1 3 .0
1 2 .6
(c ) 2 .0 0 0
1.1 7 .7
1 .8 8 .4
2 .0 10.1
2 .4 10.3
2 .8 10.35
3.1 11 .2
4 .4 11 .6
5 .3 1 3 .0
(d) 3 .0 8 0 0
1.1 9.16
1 .6 8.61
2 .2 10.44
2 .3 10.63
2 .9 11.18
3 .3 12.28  /■
4 .6 12.28
244 16.13
TABLE 9-15
THE RATE OF APPEARANCE OF FERROUS ION
/J\ -Ethoxynaphthalene/^ = 1 x 10~^ -1mol 1
f eCVo„ Time ^/Ferrous/
10 (mol 1“1 ) (se c s ) 10? (mol l ”^)
(a) 4 .7 0 0
1 .2 1.70
1 .6 1 .60
1 .9 1.70
2 .2 1 *70
2 .4 1.97
3 .5 2.11
4 .4 2 .43
3 .4 3 .3 0
(b) 7 .8 0 Q
1.1 2 .47
1 .6 3 .0 2
1 .9 3 .0 2
2 .7 3 .39
3 .3 3 .85
3 .6 4 .76
4 .0 5.31
3 .4 ' 5 .6 8
(c ) 10 .0 0 0
1.1 3 .3
. 1 . 7 4 .03
2.1 2 .6
2 .9 5 .5
4.1 6.23
5 .2 5 .6 8
5 .7 5 .5 9
6 .9 7.Q5
(d) 10 .0 0 0
1 .0 2 .9
1 .7 3 .8
1 .9 3 .8
2 .2 4 .2
2 .7 4 .6
3 .8 5 .7
4 .7 6 .6
5 .7 7 .9
9 .5 .5 The E xtinction  c o e f f ic ie n t  o f ferr io n  in  mixed nitrobenzene -
Methanol Solvent
A n itrogen  purged so lu tio n  o f ferrous ammonium sulphate (0 .105g;
2 .7  x 10” m ol)in water (500  cnr) was prepared and an a liq u o t (100  cm )
mm'T
was shaken with s i lv e r  perchlorate (0 .5g ; 2 ,4  x 10 mol) and 1 ,10  
phenanthroline (0 . 1g; 5 x 10”^ m ol). The red p r e c ip ita te  was
extracted  with four portions o f nitrobenzene (20  cm^), the e x tr a c ts
3 ■ ■ cv/ere combined and made up to 100 cm • The absorbance o f th is
so lu tio n  was 1.95  a t 517 nm ( 10mm c e l l s ,  nitrobenzene referen ce)
<^1 115
giv in g  </rerr©u§/ = 1.55  x 10” g . i o n . l ” from the quoted
E = 12 , 600 . A liquots (x cm where x ^ 5 )  o f th is  stock
so lu tio n  were combined with nitrobenzene (5 -  x cm^), a so lu tio n
“2 #^<1
of phosphoric acid  in  methanol (5  cm ; 0 .2  mol 1~ ) and made 
3up to 25 cm with methanol, to g ive  known concentrations o f  
ferro in  in  20 v /v  % nitrobenzene /m e th a n o l. Figure 9-2  
shows a Beer’s  Law p lo t , obtained from these so lu tio n s , g iv in g  
(y  = 12,100 1 . m ol^.cm ”^.
1 * 0
ceswirGm-rt o&s
CHAPTER 1 0  STUDIES OF THE INTERMEDIATES OF THE SCHOLL REACTION.
10o1 Visible Spectra
Solutions of 1-ethoxynaphthalene and ferric chloride in
- 2 - 4  -1nitrobenzene in the concentration range 10 -10 mol 1
were prepared, A known volume of the 1-ethoxynaphthalene 
solution was delivered into a dried flask followed by the 
rapid addition, using a syringe, of a known volume of the 
ferric chloride solution. The solutions were shaken 
together then transferred to a 1 cm glass cell. Spectra 
were recorded from 750 to 450 n  on a Uni cam SP 800 
spectrophotometer against a nitrobenzene reference. Times 
were recorded by stopwatch, with zero time taken as the first 
instant of mixing.
10.2 Visible Spectra by Rapid Mixing
A solution of ferric chloride in nitrobenzene (3 cm^) was 
placed in a 1 cm cell in the sample beam of the spectro­
photometer, The conventional lid of the instrument was 
replaced by a "home made" lid with a small hole directly 
above the sample cell. A piece of wire ran through the 
hole to the lower end of which was attached a square of PTFE 
(just less than 1 cm x 1 cm) with two 1ram diameter holes in 
it. A solution of 1-ethoxynaphthlene in nitrobenzene 
(1 - 10 ^ il) was introduced into the holes by microsyringe 
and mixing of the two solutions was achieved by rapidly 
moving the PTFE square (via the wire through the lid) once 
up and down through the cell.
The instrument was already scanning at a fixed wavelength 
and a constant distance per second, so the zero time was 
, indicated by a blip on the scan caused by the PTFE square 
moving through the beam. This method gave mixing times of 
the order of a few seconds,
10.3 Electron Spin Resonance Spectra
Solutions were prepared and mixed as in 10.1 then transferred 
to a flat ESR cell. Spectra were recorded on a varian E4 
spectrometer by Mr A Bunn (Research Department, ICI Plastics 
Division). The signal recorded for the paramagnetic species 
had a g value of approximately 2.0036.
10.4 Freezing Point Determinations
Measurements were made using a t e s t  tube with a stoppered  
s id e  arm contain ing a s t ir r e r  and Beckmann thermometer.
The s t ir r e r  con sisted  o f a g la s s  loop with i t s  top attached  
to  an iron  cy lin d er , which, was moved up and down by an 
induction c o i l  around the outside o f the tube. The tube was 
placed in s id e  a larger tube fix ed  in to  a lagged beaker 
contain ing ic e  and water.
Nitrobenzene (W g)was weighed into the tube, which was placed 
in the bath and stirred until the freezing point (To) was 
reached (via a 2-3° supercooling). The tube was removed from 
the bath and allowed to warm up 0.1 - 0.2° above the measured 
freezing point, which was then redetermined. The. procedure 
was repeated until two successive values were in agreement.
Ferric chloride (w g) was added from a weighing bottle, via 
the side arm and the mixture stirred to complete solution, 
when the freezing point (Ts) was measured as before.
Hence&T = T -  T o s
. , . 1000 x 70.5 x w
and molecular weight v.M; =  w" x&T  *"'
The procedure was the same for solutions of 1-ethoxynaphthalene 
in nitrobenzene except for addition to the solvent using a 
syringe.
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